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Summary

Owing to advantages, low cost, high sensitivity and selectivity, rapidness, easy
operation and transportability, electrochemical sensors and biosensors involving
nanomaterials have been accepted as an effective and promising analytical method
for environment monitoring, pharmaceutical analysis, medical diagnosis, food
safety etc., over the past decades. However, this difficulty of improving
performance of traditional sensors, like selectivity and sensitivity, led to the
concept of electronic tongues (ETs) as an alternative strategy to solve such
problems. These biomimetic systems, composed of low selectivity sensor arrays,
can acquire added value from the generation of the analytical information
containing cross-response features.

In this thesis, three voltammetric ET arrays were constructed composed of
copper-based electrodes modified with CuO nanoparticles in an electrodeposition
procedure and some graphite-epoxy composite (GEC) electrodes incorporating
several catalytic nanoparticles. The first ET was demonstrated the potential of
evaluating wastewaters according to the difficulty of electrochemical oxidation
and help estimated the accuracy of found COD values detected by prepared sensor.
The second ET employed an artificial neural network (ANN) model by combining
the responses obtained from five sensors and compensating the differences in the
voltammetric responses to two COD standard substances, glucose and glycine.
This ET showed promising application of COD determination with better
performance compared with single sensor utilizing classic calibration curve
method.

The third ET array, combined with principal component analysis (PCA), was
able to evaluate the components in terms of contents, herb varieties for mental
calming products of different forms, which indicated its potential function on

product evaluation, characterization and quality control.
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CHAPTER 1 INTRODUCTION












1 Introduction

1.1 Chemical sensor and sensor array

1.1.1 Concepts and basic principles

A sensor, in simple terms, is the extended ability for human to get
information by sensing stimulus. Sensors are the technological counterparts,
and are widely used for monitoring different stimulus depending on certain
purpose. The development of science and technology have extended the
applications of sensors to many fields, such as industrial production, marine
exploration, environmental monitoring, medical diagnosis, etc. Obviously,
sensors are an integral part of everyday our lives. Countries all over the world
attach great importance to the development of sensors’” manufacture and
application. Briefly, a sensor is a device that produces an output through
transducer by converting the received stimulus signals. The stimulus might be

acoustic, biological, chemical, electrical, optical, mechanical, thermal changes
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or radiation, etc [1].

Chemical sensors are an important subclass of sensors. As the International
Union of Pure and Applied Chemistry (IUPAC) proposed in 1991, a chemical
sensor is “a device that transforms chemical information, ranging from the
concentration of a specific sample component to total composition analysis,
into an analytically useful signal” [2]. The chemical information means the
chemical stimulus, which may originate from a chemical reaction of the
analyte(s) or from a physical property of the system investigated [2]. From the
constructure perspective, a chemical sensor is usually composed of two basic
functional units: a receptor part and a transducer part. If the receptor is, e.g.,
DNA, antibodies, enzymes, etc.), the device is referred to as a biosensor. In
some cases, some sensors may include a separator, for example, a membrane.
The receptor part plays a role of transforming information into a form of energy
that can be measured by the transducer. The transducer part is a device that
transforms the energy into a useful and analytically measurable signal [2—4].

The principles of the chemical sensors are based on the interaction between
receptor and target analytes, which are also the basics of recognition events.
Then the interaction behaviour can be converted into a measurable output
signal, which will be converted into a readable value by transducer. The
sensing principle of chemical sensors are illustrated in Figure 1.1. It is crucial to
obtain a high specificity for the target analyte in presence of interfering
chemical species to decrease inaccuracy. Generally, both chemical sensors can
be categorized into catalytic or affinity-based devices. Catalytic chemical
sensors conduct recognition based on catalytic activity, for example, redox
reactions. The affinity-based devices rely on highly specific interactions
between the receptor and analyte, e.g., host-guest interactions [5]. Depending
on the transducer type used in recognition events, chemical sensors can be

classified into optical, gravimetric, electrochemical, etc.
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Figure 1.1 Schematic diagram illustrating principles of a chemical sensor.

Chemical sensors have attracted lot of attention because of its simplicity of
the analytical procedure, fast measurements, simple sample preparation, low
cost and transportability of instrumentation and promise in automatization.
Generally, traditional sensors are designed based on the “lock-and-key”
strategy for detecting specific analytes, but sometimes they can be affected by
potential problems of interferences [6]. However, in practical applications,
chemical sensors are often hindered by inadequate selectivity or specificity in
multicomponent samples or media. To address this problem, on one hand,
sensors should be modified with new materials or technologies to improve
their performance. On the other hand, available partially selective or cross-
sensitive sensors can be used in series for multicomponent analysis. This
sensors in series are always called sensor arrays, which can generate complex
outputs when respond to several substances in the multicomponent condition.
Interpretation of such complex outputs through multivariate data analysis or
pattern recognition techniques can extract lots of hidden useful information.
Evidently, these sensors should have different sensitivity and selectivity
patterns to produce added value from cross information [7]. The rationale for
application of low-selective sensors is based on an analogy to biological
organization of the olfactory and taste systems in mammals. There are millions
of nonspecific receptors in nose and tongue that can respond to different

substances present in the gas and liquid phases. Inspired by this, low-selective
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sensor arrays can be used for producing analytically useful signals during the
analysis of multicomponent matrices, such as the systems of electronic tongue
(ET) and electronic nose (EN) that are used for liquids and gases analysis,
respectively [8-10].

As reported from IUPAC, the application of sensor arrays consists of two
main factors. Firstly, a sensor array comprises a certain number of nonspecific,
low-selective chemical sensors. The second one is the application of
multivariate data analysis or pattern recognition techniques, including artificial
neural network (ANN), principal component analysis (PCA), etc., for
processing high-dimension signals produced by the sensor arrays [10]. The

mechanism of the function of a sensor array is shown in Figure 1.2 below.

\
\

Sensing % Sensing
. . element 1|’ |\~" element 2 r/\ !r-\ . : ‘
Sensing | Data acquisition L@\ @ Data analysis _ __ L =t
. e | = I
...1“:} !f.\\ :
Sensin T P\ I
Anal elemer%t 3"\\ Sensor " "& - Multivariate analysis or
nalytes array Fingerprints pattern recognition

Figure 1.2 Schematic diagram illustrating the mechanism of a sensor array for
multivariate analysis. Adapted from reference [6].

1.1.2 Electrochemical sensors

Electrochemical sensors are frequently employed due to the fact of their
advantages associated with low limit of detection, high selectivity and
sensitivity, rapidness, good reproducibility, and the low-cost and transportable
equipment utilized for sensing. As a category of chemical sensors, standard
electrochemical sensors are also composed of two basic constituents, receptor
and transducer. Particularly, the information for analysis is taken from the
electrical signal produced by the interaction between the target analyte and the
recognition layer. By organizing the constitution of devices, electrochemical
sensors can be employed for various applications depending on the nature of

the analyte, the character of the sample matrix, as well as the sensitivity or
4



Principles and applications of electrochemical sensors and electronic tongues

selectivity requirements.

1.1.3 Classification of electrochemical sensors

Generally, electrochemical sensor can be divided into several categories
depending on the type of the transducers, including potentiometric,

amperometric, voltammetric and impedimetric devices [11].
* Voltammetric sensors

Voltammetry is an electroanalytical technique that collects information
about one or more analytes by measuring the current signals as a function of
the potential [12]. Voltammetry is a dynamic technique, which usually employs
a third electrode to set the desired voltage at the sensing electrode independent
of the voltage drop across the solution. Voltammetric analytical devices usually
carry out in a three-electrode system and a potentiostat, as shown in Figure 1.3.
A potentiostat is a device that controls the potential between the working and
reference electrodes by adjusting the current at an auxiliary electrode. The
three-electrode system consists of a reference electrode usually a calomel
electrode or Ag/AgCl electrode, a counter electrode (or auxiliary electrode),
generally a platinum wire, and a working electrode. The reference electrode
can contribute with a known and stable electrode potential. In voltammetric
principle, a time-dependent potential excitation signal to the working electrode
is employed, which can change the relative potential to the fixed potential of
the reference electrode. The current that flows between the working and
auxiliary electrodes is changed consequently and measured for analysis. The
quantification of analyte or evaluation of the redox properties can be measured
at the working electrode surface, where the potential varies linearly with time
in relation to the constant contribution of the reference electrode. The oxidation

and reduction reaction of the analyte occurring at the working electrode surface
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can result in a current flow through charge transfer on the auxiliary electrode.
In general, voltammetric sensors provide information about target analytes that
can be oxidized or reduced, which is a very important feature to understand
the electrochemical reactivity of an analyte, the mechanisms and the kinetics of
the oxidation and reduction procedures [13]. Sometimes, voltammetric sensors
can even sense non-electroactive molecules indirectly, for example, via a
biorecognition event or mediated enzyme electrodes [14]. Several types of
information can be gathered from voltammetry technology, e.g. cyclic
voltammetry (CV), linear sweep voltammetry (LSV), square wave voltammetry
(SWV), and differential pulse voltammetry (DPV). In cyclic voltammetric
method, the potential of the working electrode is linearly ramped up and down
cyclically. A cyclic voltammogram is obtained by recording the current,
derived from the oxidation or reduction of analytes at the working electrode
based on the potential changes. The current intensity is proportional to the
concentration of the analyte in the solution, leading to the application of this
technique in analytical quantification. CV is a very generic and powerful
method in the application of electrochemical characterization of trace amounts
of analytes in aqueous solutions and deposits on conductive surfaces [15]. The
electrochemical sensors employed in research cases presented in this thesis are

used with the cyclic voltammetry technique.

Potentiostat

|

——_, Ag/AgCl reference

Counter or auxiliary «——
electrode

electrode

Sample

Working electrode

Figure 1.3 Typical three-electrode voltammetric analytical system.
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= Other electrochemical sensors

Similar to voltammetric sensors, amperometric sensors work in a three-
electrode system and a potentiostat as well. Differently, amperometric
measurement is held at a constant (single-potential amperometry) or stepped
potential over time (chronoamperometry). The current, which arises from the
oxidation or reduction of the substances, its intensity signal is related to its
concentration.

Potentiometry technology provides information about the ion activity in an
electrochemical reaction and reflects the relationship between analyte
concentration and the potential, which is measured at zero current intensity
[16]. Potentiometric sensors measure the potential across an interface, often a
membrane. The typical potentiometric analytical system consists of two
electrodes, reference and indicator electrodes. The reference electrode, usually
Ag/AgC(l electrode, has a constant contribution to the signal, independently of
the solution matrix. The indicator electrode contains a membrane that is
sensitive to the target analyte, thus its potential related to the concentration of
the analyte. The analyte of the sample enters the electrode membrane causing
a change in membrane potential. Potentiometric electrochemical sensors are
widely used in ion selectivity, clinical relevance, electronic tongues, and other
fields [11].

When an electrochemical system is disturbed by perturbation of a
sinusoidal voltage (or current) signal, a corresponding current (or voltage)
response signal will be generated, and the impedance or admittance of the
electrode can be obtained from these signals. When a sinusoidal potential over
a frequency range is employed, electrochemical impedance spectroscopy (EIS)
can be obtained. The resistance and capacitance of the system can be estimated
by measuring the current response [17], which enables the study on material

property and specific processes in monitoring changes at the surfaces of
7
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electrodes. Impedimetric analysis is a useful tool that can be utilized in many
aspects, such as characterization of different layers on the electrode surfaces,
corrosion monitoring, characterization of solid electrolytes, battery
performance, heavy metal ion detection, etc [18].

Conductometric sensors can be used to measure the ability of an electrolyte
solution or a medium (e.g., nanowires) to conduct electrical current passing
through between working electrode and counter electrodes or reference
electrode [16]. The resistance of an electrolyte is gauged by use of an alternating
potential in conductometric device [14]. As conductometric sensing technique
is used to analyse changes in resistivity, they are considered as the subsets of

impedimetric sensors [19].

1.1.4 Electronic tongues

As above mentioned, the construction and operation principles of
electronic tongue (ET) and electronic nose (EN) systems were inspired by the
neurophysiology of the senses of taste and smell, respectively. In sample terms
of practical application, the electronic tongue acts like mammals’ tongue to
differentiate between distinct tastes. And the electronic nose can analyse
gaseous samples like the noses” behaviour [20]. Normally, an electronic nose
works with the gas phase of volatile compounds, while an electronic tongue
works in the liquid phase of non-volatile compounds [21]. Electronic noses and
tongues can be used to identify flavour variety and geographical origin,
composition, aroma intensity, degree of freshness, and so on.

As a kind of sensor array, the ET consists of two main factors: an array of
nonspecific, low-selective chemical sensors and an appropriate chemometric
tool for data processing [22]. The application of nonspecific, low-selective
chemical sensor array can collect the high-dimension signals and the

chemometric tools, such as machine learning algorithms, artificial neural
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network (ANN), principal component analysis (PCA), etc., are used to extract
information. Furthermore, the stability and cross-sensitivity of sensors are of
primary importance for collecting responses to as many as species reproducibly
[22]. An ET system can imitate the human tongue to present a more sensitive,
automated, and unbiased evaluation of tastes to samples than human, which
facilitates the application of ET in many fields for qualitative and quantitative
analysis in case of multicomponent samples [23]. Furthermore, this emerging
tool can be utilized after transforming gas and solid materials into their liquid
forms or extracts. Therefore, ET technology has been widely studied in the food
and beverage analysis. They can collect information of the aroma, taste, and
colour profiles through various chemical devices and use such data as input to
discriminate different products by the combination of prices, geographical
origins, harvest, fermentation, storage times, quality grades, and adulteration
ratio, etc., with the aid of mathematical classification algorithms. Furthermore,
in recent years, ETs have been reported in the application of biomedical

research, national safety and environmental safety application [24].

i a
) T W il

| e==] .| * :

| .

s ane *

ini=l= = S
T

Sensor array and samples Chemometric tools Qualitative and/or quantitative analysis

Figure 1.4 Schematic diagram illustrating the electronic tongue design inspired by
gustatory system.

1.1.4.1 Voltammetric Electronic Tongue



Chapter 1 Introduction

Many kinds of sensors, from optical to mass spectrometry-based, can be
employed in electronic tongue construction based on their specific principles in
various fields, as summarized in Figure 1.5. But the electrochemical devices,
such as potentiometric, voltammetric, impedimetric, etc., are still the most
common [25]. When those of sensors considered for developing ET systems,
voltammetric (bio)sensors are the most common ones [26]. In general, the
experimental setup of a voltammetric ET includes several working electrodes,
an auxiliary electrode and a reference electrode, as illustrated in Figure 1.6. The
current is generated from the electrolysis reaction occurs on the working
electrodes. The current is a function of the rate of electrolysis, which is
governed by the transport of electroactive species present in the sample (i.e.
diffusion coefficients and concentrations of electroactive species) [26]. Working
electrodes are usually an array of noble metal ones (e.g., gold, palladium,
platinum, and silver) and/or electrodes modified with some nanomaterial
catalysts and coated with some membranes (e.g., polymers and epoxy-
graphite). Sometime, screen-printed electrode (SPE) includes all electrodes
needed for a voltammetric measurement (working, reference and auxiliary)

[27].

Pharmaceutical

industry
Others
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Food
industry
Amperometry Electronic Voltammetry
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National
security
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Figure 1.5 An overview diagram summarizing the classification and application of
electronic tongues.

Voltammetric sensors have some advantages in multicomponent
measurements because of they are assumed to be of high selectivity, high
signal-to-noise ratio, high sensitivity, low limit of detection and various modes
of measurement (SWV, CV, DPV, LSV, etc.) [26-29]. Moreover, it is possible to
modify these electrodes to obtain sensors of various sensitivity and selectivity
towards various species [21]. Therefore, there are many options or alternatives

for generating voltammetric ETs, leading to their wide applications.

Potentiostat .
[O © ] —)

Figure 1.6 Basic principle of voltammetric electronic tongue system.

1.2 Machine learning

1.2.1 Introduction to machine learning

In recent years, the studies of artificial intelligence (Al) are soaring and
widely discussed [30]. Machine learning (ML) is one group of Al technologies
composed of a series of algorithms, which gives the prediction of a data based
on corresponding training data’s properties. Itis a science of making computers
learn from data and past experience and identify patterns to make prediction
without being explicitly programmed. ML can be employed in many fields and
considered as a powerful technology for data analysis to solve scientific
problems, e.g., chemistry [31], medicine [32], economy [33] and environment

[34] problems, etc. ML technology consists of several methods according to the

11
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purpose and learning methos, including supervised learning (SL),
unsupervised learning (UL), semi-supervised learning (SSL), dimensionality

reduction, reinforcement learning (RL) and deep learning (DL) [30].

Train Prediction f
s O

Output

Analyse

Past data

Figure 1.7 A general scheme for illustrating process of machine learning.

1.2.2 Supervised learning algorithms

SL is a subclass of ML, which uses labelled datasets to train algorithms to
make classification or prediction, which can be used for classification and
regression application. Classification works on assigning entities within test
data into specific categories and attempts to label or define them. Commonly
used classification algorithms are linear classifiers, such as support vector
machine (SVM), k-nearest neighbour (k-NN), random forest and Naive Bayes,
etc. Regressionis used to find the relationship between dependent and
independent variables, e.g., linear regression, logistical regression, and
polynomial regression. Some of the most commonly used learning methods are

briefly explained below.
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Figure 1.8 An example for showing principle of supervised learning,.

¢ K-Nearest Neighbour

k-Nearest Neighbour, usually known as k-NN, is a non-parametric
algorithm. k-NN can classify points of dataset based on their proximity and
association to other available data. This algorithm designed based on the
assumption that similar points tend to be near to each other. Therefore, it can
assign a group by calculating and evaluating the distance between points. K-
NN can give classification quickly with easy operation [35].

¢ Naive Bayes

Naive Bayes is an effective classifier that uses the conditional independence
assumption. It means that each predictor has an equal effect on result and the
presence of one feature does not influence that of another one in the probability
of a given outcome [36]. There are three types of Naive Bayes classifiers:
Bernoulli Naive Bayes, Gaussian Naive Bayes and Multinomial Naive Bayes
[37].

¢ Support Vector Machine (SVM)

13
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Support Vector Machine (SVM) is an effective and popular supervised
learning model that can be used for both data classification and regression. The
SVM principle is to build a hyperplane in an n-dimensional space (n means the
number of features) to maximize the margin distances between data points and
the hyperplane. These maximized distances can help avoid outliers effectively
by creating larger distances between different classes[38].

¢ Random Forest

Random Forest is another effective and robust supervised machine
learning algorithm and also can be used for both regression and classification
purposes. Its principle is related to both “forest” and “trees”, which generates
uncorrelated decision trees and the returned outputs are subjected to the mode
of class from the result of these decision trees, which can reduce variance and
create more accurate predictions [39].

¢ Linear Regression

Linear Regression is typically employed for making predictions about
future outcomes by finding the relationship between a dependent variable and
one or more independent variables. For each type of linear regression, it works
to plot a (straight) line of best fit by calculating through the method of least
squares. It is known as simple linear regression and multiple linear regression
in conditions when there is only one independent variable and more
independent variables, respectively [40].

¢ Logistic Regression

Both linear and logistic regression models understand relationships
between data inputs. Differently, logistic regression is typically used to solve
binary classification problems, which means the dependent variable has binary

outputs, such as "yes" and "no”, "true" and "false" [41].

1.2.2.1 Artificial neural networks

14



Principles and applications of electrochemical sensors and electronic tongues

Artificial Neural Networks (ANNSs) are a subset of machine learning and
are at the heart of deep learning algorithms [42]. Their structure and name are
inspired by the way of human brain. The human brain exhibits lots of
advantages over a digital computer in some tasks other than number crunching.
For instance, consumer can quickly choose favourite clothes in thousands of
clothes after considering all the factor, such as price, design, fabric and so on.
The sets of cells in the brain, which are called neurons, are in charge of
transferring information. Single neurons achieve interconnection by sending
signals that containing data and information. The computations of the brain are
carried out by a network of neurons, which achieve communication by sending
electric pulses and passing through the neural wiring consisting of axons,

synapses and dendrites, as shown in Figure 1.9.

Dendrite

Axon terminal
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Outputs

Inputs
(Synapses)
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Myelin sheath
Nucleus

Figure 1.9 The structure and information processing of a biological neuron.

ANN s are created from the inspiration of the models of sensory processing
by the brain. An ANN can be set by simulating a network of model neurons in
a computer by utilizing algorithms to mimic the processes of real neurons. The
created network can ‘learn” to solve some problems like human does. A model
neuron is illustrated in Figure 1.10, which functions as a threshold unit. It
receives inputs, weighs each input and adds them up. The output of the unit is

one if the total input is above a threshold, otherwise it is zero. Therefore, the
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output changes from 0 to 1 when the total weighted sum of inputs is equal to

the threshold [43].

Inputs Weights

—— Output

Figure 1.10 Structure and processing of a model neuron. Adapted from Figure 1 (a)
of reference [43].

The ANNs models can solve problems by building a simplified model of
the human brain and mimicking its behaviour in learning tasks or processes.
Generally, ANN models gather knowledge by defining the pattern and
relationships from the obtained information to train and “learn by examples”,
instead of “programming processes” [44]. ANNs are capable of establishing
empirical relationships between dependent and independent variables and
extracting hidden information and complex knowledge from data sets. ANNs
are advantageous over regression-based models in recognizing the
fundamental relationship between the variables when the original information
is noisy and contains some errors, which facilitates the application of ANNs in
solving complicated problems [44].

Input layer Multiple hidden layers Output layer
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Figure 1.11 Scheme of illustrating the configuration of multi-layer ANNs.
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ANNSs are usually comprised of node layers, including a layer of input
nodes and a layer of output nodes, which are connected by one or more layers
of hidden nodes. Each node, or artificial neuron, connects to another and has
an associated weight and threshold. If the value of an individual node or a set
of nodes in the hidden layer is above the specified threshold value, that node is
activated and data is passed to one or more nodes in next layer of the network
[45]. Otherwise, no data is passed along to the next layer of the network [42].
Application of ANNs must be trained with a large number of cases (data) and
is not possible for rare or extreme events, where data are insufficient to train

the model.

1.2.3 Unsupervised learning algorithms

UL applies algorithms to cluster and analyse unlabelled datasets. These
algorithms can extract hidden patterns and achieve grouping automatically by
discovering the similarities and differences [46]. The classic UL models include

principal component analysis (PCA) and k-means clustering.
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Figure 1.12 An example for illustrating principle of unsupervised learning,.

% Principal Component Analysis (PCA)
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Although more data usually gives more accurate results, sometimes the
performance of machine learning algorithms (e.g., overfitting) can be affected.
In other hands, it will be difficult to visualize datasets when there are too much
features or dimensions in a given dataset. In this condition, dimensionality
reduction can be used to reduce the data inputs and preserve the integrity.
Principal Component Analysis (PCA) is a dimensionality reduction algorithm
that reduces redundancies and compresses datasets by extracting main features.
It uses a linear transformation to obtain a group of principal components and a
new data representation. For example, the first principal component is the
direction which maximizes the variance of the dataset. However, the second
one is completely uncorrelated to the first principal component and yields a
perpendicular direction to the first. When there are more dimensions, the
direction of next principal component is perpendicular to the prior components
[47].

% k-Means clustering

K-Means Clustering is an exclusive clustering method that assigns data
points into k groups and the k refers to the number of clusters based on the
distance from each group’s centroid. A centroid is the imaginary or real
location representing the centre of the cluster. The points nearest to a given
centroid will be clustered as same class. Briefly, this algorithm identifies the
centroids to allocate every point to the closest cluster and keeps the centroids as

small as possible [48].

1.3 Nanomaterials and application in

electrochemical sensors

1.3.1 Introduction of nanomaterials

Nanomaterials have become one of the most exciting forefront fields and
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an indispensable part of scientific research. Owing to their impressive
physicochemical properties, nanomaterials have become an important bridge
for many interdisciplinary researches and applications. Generally,
nanomaterials refer to materials that are with at least one critical dimension of
nanometre size (1-100 nm) or materials that consist of at least 50% of basic units
in such size [49-52]. With material dimensions at the nanometric level, the
physical and chemical properties of such materials can be modified.
Nanomaterials tend to be able to give more suitable sensitivity, high adsorption
and reactive properties, as well as other advantages not existing in the same
corresponding bulk materials [50, 53, 54]. The development of novel functional
nanomaterials accompanied with analytical and artificial intelligence
technologies have promoted the advancement of electrochemical (bio)sensors,
which offer some advantages such as safety, real-time, reliability, and rapid-
testing. Nanoscale materials or nanomaterials are well known as and benefiting
its “small scales”, which aided the miniaturization of electronic sensor
devices/platforms, for example the development of portable sensors. Therefore,
the applications of sensors have popularized in wide range, including
environmental detection and monitoring, food and medicine analysis and
control, clinical and diagnostic examination, health care monitoring, biological
detection, etc [565-57]. Briefly, nanomaterials are playing crucial roles in
electrochemical sensing technologies for improving sensors’ performance in

terms of stability, specificity, sensitivity and selectivity.

1.3.2 Electrochemical application of nanoparticles

It has proven that the modification and/or functionalization of the
electrochemical sensors with nanomaterials can amplify the response signals
for developing sensors with high sensitivity and selectivity properties. Various

nanomaterials, especially nanoparticles of different types have been employed
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widely based on many kinds of analytical methods. Depending on the target
analytes, reaction mechanisms, media, etc, nanoparticles can play different
roles in different electrochemical sensing systems. In recent decades,
nanoparticles (NPs) have been widely used in electrochemical sensors and
biosensors based on their unique properties in certain systems [54,58]. The basic
functions of NPs, can be mainly summarized as: enhancement of electron
transfer, acting as reactant, catalysis of electrochemical reactions,
immobilization of biomolecules and labelling biomolecules [59]. Sometimes
even the same kind of NPs can be utilized for different applications. Because of
their excellent catalytic and conductivity properties, metal nanoparticles are
promising catalysts in improving electrochemical reactions by enhancing the
electron transfer between analytes and electrode surfaces. Metal oxides
nanoparticles also have attracted lots of efforts for a wide range of applications,
such as sensors, fuel cells, batteries, actuators, as well as optical devices because
of the wonderful performance in photochemical, mechanical, thermal, electrical,
optical and optoelectronic properties [60].
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Figure 1.13 A diagram for illustrating the combination of nanomaterials and
electrochemical sensors and some applications.
Generally, the modification to sensing systems start from the modification

of working electrodes, apart from development of manufacturing process, the
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selection of nanomaterials is an important part. In recent years, from different
nanomaterials, such as nanotubes or nanocomposites, to different
nanostructures, such as graphene, metal nanoparticles or nanostructured
polymers, etc., lots of working electrodes were modified with these materials

in different ways of manufacturing for aimed functions and applications.

1.3.3 Electrochemical anodization for nanostructure
fabrication

Anodic oxidation is a commonly used approach for metals corrosion
protection [61]. It can also be used to prepare an oxide layer over the surface
area of the metallic substrate, which is a simple and low-cost method for
modification or decoration of metal surface for specific preposes. Generally, the
process and setups in the procedure of anodization are very similar to those
used for electrolysis. Particularly, it is carried out in a two-electrode (or three-
electrode) electrochemical cell, the metal being used as the anode and platinum
(also titanium or other electrodes) as the cathode [62, 63]. In recent decades,
electrochemical anodization has attracted lots of attention for fabrication of
nanostructured substances via self-organized anodization owing to its ease
synthesis, versatility and low cost. What’s more, it is seamless between the
formed anodized metal oxides nanostructures and the conductive substrate
metal [64]. The tailored ordered morphology on the nanometric scale can make
chemical and physical properties changed to get numerous potential
applications [65]. Anodic aluminum oxide and anodic titanium oxide are most
frequently studied nanostructured materials, which has achieved lots of
progress in wide range of applications, such as drug releasing platforms,
electrochemical sensing, renewable energy harvesting and so on [65-69].

In recent years, some of the transition metals have been tested as substrates

for anodizing and some nanostructured materials, most of which are
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nanoporous or nanotubular, from anodic oxidation by electrochemical

procedure, i.e., Fe [70], Zn [71], Sn [72], Zr [73] etc [74].

1.3.3.1 Nanostructured anodic copper oxides

Research on nanostructured copper oxides and tailored properties have
attracted lots of attention and brought high expectations to providing solutions
in many fields, such as environment purification and renewable energy
harvesting. Copper is a good option for fabrication of nanostructured metal
oxides in self-organized anodization procedure. In general, copper can form
two oxides, monovalent and bivalent oxides, i.e., cuprous oxide (Cu20) and
cupric oxide (CuO), as well as sometimes mixtures of these two, such as CusO:
and CusO:s (tetragonal) [75].

Morphological features of nanostructured anodic oxides fabricated from
electrochemical procedure are tailored by operating conditions and additives
in electrolytes. The anodization of copper can improve surface area due to the
morphology of formed oxides, i.e., nanowires, nanoneedles or nanorods. The
stoichiometry of oxides is not fixed, Cu20, CuO, and Cu(OH): co-existing in
obtained samples [74]. What's more, the chemical composition of the formed
nanostructures can be adjusted by changing experimental conditions during
anodization and post-treatment methods [74]. Due to these features, the
anodization of copper has attracted lots of interest in the fundamental research
and application, particularly as catalysts owing to the properties of CuO and
Cuw20 and improved surface areas, as a promising method in terms of
fabrication and doping of high-aspect ratio nanostructures and morphology
control. It does not require numerous steps or expensive equipment and time-

efficient and easy to scale-up because of self-organization [74].
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Figure 1.14 The diagram illustrating the fabrication of anodic copper nanostructure
(nanowires) and the fields of application.

Metal oxides of nanostructure fabricated in anodization procedure usually
made of nanopores or nanotubes. Note that, copper oxides offer more than one
type of nanostructure morphology, among which, the most interesting ones are
nanowires and nanoneedles with high aspect ratios and surface-to-bulk atom
ratios [76]. To grow nanostructured oxides on copper, electrochemically
voltametric methods, such as LSV or CV, are supposed to be the most facile one,
which gives satisfactory nanostructures, usually nanoneedles morphology, and
related information on reactions occurred on the electrode [63, 77].

Copper can be oxidized to Cu(I) and form metastable CuOH firstly on the
copper surface and then it can transform into Cu:0, see equations (1) and (2).
At the same time, two electrons can be taken away from one copper atom,
forming Cu(ll) substances directly at greater potentials, such as CuO and
Cu(OH):2(water insoluble), as shown equations (3) and (4) [78]. In addition, Cu(I)
species can also be taken one electron and oxidized into Cu(Il) species.
Furthermore, Cu(lIll) species can also be formed with copper at a greater
oxidation state when sufficiently high potentials applied, in copper oxides-
based sensing reaction. Therefore, CuO and Cu(OH): may also transform into

soluble species, such as Cu(OH)s", as shown equation (5) and (6).

Cu-e + OH— Cu(OH) (1)
2Cu(OH)— Cu0 + H20 (2)
Cu-2e +20H— CuO + H0 (3)
Cu - 2e + 20H— Cu(OH): 4)
CuO - e+ H0 + 20H— Cu(OH)+ 5)
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Cu(OH): - e+ 20H— Cu(OH)+ (6)

1.3.3.2 Anodic copper oxides in electrochemical sensing

Cu-derived nanostructures formed by anodization procedure have wide
utilization as catalysts in photochemical or electrochemical analysis. The Cu
substrate can offer a conductive path for the photo-generated electrons and
prevent their recombination with photo-holes to maintain photocatalytic
activity and stability. In addition, Cu-derived materials have obtained wide
acceptance as a powerful electrocatalyst for oxidation of organic compounds
because of the efficient catalytic activity, which might be related to the
formation and chemisorption of strong oxidant hydroxyl radicals (-(OH) on the
electrode surface [79]. Therefore, anodic copper oxides can also be applied into
modification of electrochemical sensors and have been accepted as outstanding
electrodes in organic compounds analysis, such as glucose sensing, as well as
chemical oxygen demand (COD) determination in wastewater. Electrodes
modified with Cu-derived nanostructured have been explored for many years
as a good choice for electrochemical sugars oxidation benefiting from the low
cost and good chemical activity [80]. In recent decades, anodic copper oxides
were reported in the application of electrochemical sensors for COD
determination in wastewater [81, 82]. The application of anodic copper oxide

into will be expressed in detail in section 1.4.4.2.

1.3.4 Application of nanomaterials in environmental
monitoring

The efforts on the research of nanomaterials over the past decades have
promoted the development of analytical techniques in fields such as food and
beverage analysis, national safety, pharmaceutical analysis, medical diagnosis,

as well as environmental monitoring [54]. Owing to the advantages, such as
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easy operation, low cost, rapidness, smooth manufacture and transportability,
electrochemical devices incorporating nanomaterials have achieved lots of
advances and accepted widely as a promising analytical method in these fields
[83, 84]. Benefitting from the properties of nanomaterials, miniaturization and
portability are about to become reality. In addition, the high surface-to-volume
ratios and facility of surface functionalization make nanomaterials highly
sensitive in surface chemistry, which contributed to the achievement of
extremely low limits of detection [85]. Therefore, the integration of
nanomaterials has promoted the activity, sensitivity and selectivity of
electrochemical sensors in trace analysis. The application of nanomaterials into
electrochemical sensors in pollution detection, such as nutrients, heavy metals,
and organic matters has proven to be successful and promising as easy and
quick tools [54, 83, 86]. Furthermore, and the combination of sensors used in
the sensor arrays, such as electronic tongue and electronic nose, which can
provide more global and generic final information by multivariate analysis, has

expanded the application of sensors and nanomaterials.
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Figure 1.15 A diagram summarizing the application of nanomaterials in
electrochemical (bio)sensors for environmental monitoring.

1.4 Organic pollution of wastewater

1.4.1 Water pollution

As the vital component of biological cells and bodies, water is crucial to all
lives in the world. A continuous supply of water provides this essential thing
for the survival of humanity and the rest of living beings. Accompanied with
the increasing population, the demand of fresh water is soaring. As reported,
demand of freshwater for global use has increased six-fold in the past 100 years
[87]. The Organisation for Economic Co-operation and Development (OECD)
projected that global water demand would increase by 55% between 2000 and
2050 [88]. However, as reported on a research done by World Health
Organization and United Nations International Children's Emergency Fund
(WHO/UNICEF), 1 in 4 people or 2 billion people around the world lack safe
drinking water [89]. Meanwhile, the development of economy and society is
making requests of drinking water with higher criteria and standards.
However, along with the rapidly increasing population, industrialization and
urbanization globally plus the variability in rainfall patterns, the demand of

fresh water is surging, which has aggravated the issue of water security [90].
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Figure 1.16 The photos showing some utilizations of fresh water.

However, fresh and clean water supply is under threat by overuse and
pollution. The activities of human always need to use water, which can always
produce wastewater. Meanwhile, the improvement of water use is growing
resulted from the increasing population and industry development, which is
exacerbating the wastewater problems globally, such as the increased quantity
of wastewater and overall pollution load [91]. The behaviours of people’s life,
agriculture and industry, as well as the lack of awareness of protecting fresh
water, can bring lots of effects on it. In many countries, some are even
developed countries, the majority of wastewater was released to water systems
directly without proper treatment, which lead to lots of impacts on ecosystems,
human and animal health, economy and freshwater resources in the world.
Drinking contaminated, sometimes even toxic water, can cause some water-
borne diseases to humanity and animals, such as cholera, diarrhoeal diseases,
shigella, hepatitis A and E, etc, that related to the ingestion of drinking water
[92, 93]. As estimated by the United Nations Educational, Scientific and
Cultural Organization (UNESCO), approximately 829,000 people die from
diarrhoea as a result of unsafe drinking water, sanitation and hand hygiene

each year [94]. Even in high-income countries, water-borne illness can also be a
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concern and attracted lot of attention, which exacerbated the global burden of
disease control®. In addition, unsafe drinking water and poor hygiene can cause
gastrointestinal illness that inhibits nutrient absorption and malnutrition,
particularly effecting health and growth for children [87]. Therefore, it is urgent
and important to develop technologies to facilitate safe drinking water
worldwide [95].

In simple terms, wastewater refers to the water that contains some
pollutants, making it not suitable for either drinking directly or domestic
cleaning use or irrigation [96]. The formation of wastewater is usually in the
procedure of domestic, industrial, agricultural and commercial use that make
the fresh water’s composition changed [97]. Depending on the source and levels
of pollution, wastewater can contain different pollutants. Wastewater always
contain some contaminants, such as organic, inorganic, pathogens and
microbial contaminants, as well as suspended particles, etc. Some contaminants
are hazardous, which can result in serious problems to aquatic ecosystems and
further affect animals and humanity through food chain and environment.
Some common contaminants were summarized in Table 1.

Owing to soaring demand to high-quality life, industries such as
pharmaceutical industry, painting industry, food industry, distillery industry,
etc, always need lots of organic compounds in manufacturing procedure,
which contributed organic pollutants to their wastewater produced. Organic
pollutants are a common group of compounds making water contaminated.
Dyes, petroleum, humic substances, surfactants, phenolic compounds,
pesticides, and pharmaceuticals are main organic pollutants in wastewater[98].
Some of these organic pollutants can act asendocrine disruptors, for
example, bisphenol A, dioxins, and fire retardants, which can cause impacts on
human bodes both to adults, children and unborn babies by passing to them

through mothers” bodies [99]. Sometimes can cause neurodegenerative
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disorder, rectal and immunodeficiency diseases and sexual health problems by

mimicking the influence of reproductive hormones [99].
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Table 1. Major sources of pollutants in wastewater and their effects

Pollutant Primary sources Influence Constituents of concern References
Depletes oxygen dissolved in
Organic Industrial and agricultural water for degradation. Some BOD, COD, DOC (Dissovled
matter wastewater and domestic toxic organic pollutants, like ~ Organic Carbon), DO [99-102]
sewage. pesticides, can kill aquatic (Dissolved Oxygen)
life.
Eutrophication. Over-growth o )
Agricultural runoff and of algae, degradation of Total N (organic + inorganic),
Nutrients inefficient nutrient removal water quality, loss of total P, COD [100-102]
during industrial and domestic biodiversity, hypoxia and
wastewater treatment. fish Kill.
Pathogens, Human, livestock, and natural Spread of infectious diseases  Shigella, salmonella,
microbial sources. Contaminated drinking  (e.g., diarrheal disease and cryptosporidium, fecal
contaminants  water and inadequate health-care intestinal parasites). coliform (Coliform), [96, 103—
and domestic wastewater Increased childhood escherichia coli (mammal 105]

treatment.

mortality in developing

countries
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Salinity

Heavy metals

others

Agricultural and various
industrial fields such as food
processing, leather
manufacturing, paper and pulp

production, pharmaceutical, etc.

Industry and mining activities

Silt and suspended particles,
exotic species from shipping or
anthropogenic origin,
radioactivity, fluoride and
selenium contaminants, etc.

Impacts on agricultural
crops, deterioration of water
quality and natural
environment, soil infertility
and on ecological systems.

Persist in freshwater
environments, especially
sediments for long periods.
Can be remobilized by
change in redox state. Can
accumulate in fish and
shellfish tissue and be toxic
to aquatic organisms and
humans through food chain.

Reduces water quality and
affect aquatic ecosystems.
Impacts on environment,
animals and humanity

through food chain.

Electrical conductivity,
chloride, major cations (Ca,
Mg, etc.), anions

Pb, Cd, Zn, Cu, Ni, Cr, Hg,
As.

Total suspended solids,
turbidity. Any non-native

species, plant or animal, that

disrupts aquatic ecosystems
and the contents of other
contaminants.

[106-109]

[110-113]

[114-117]
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1.4.2 Sources of organic pollutants

» Industrial activities

The discharge of untreated or partially treated industrial wastewaters to
natural water bodies is a considerable source of pollution and contaminants
that may have risks of causing a variety of adverse effects on the environment
and human health. Generally, industrial production consumes a large amount
of water and simultaneously produces considerable wastewaters containing
suspended solids (SS), inorganic and organic pollutants, featured as high
toxicity, high values of biochemical oxygen demand (BOD) as well as chemical
oxygen demand (COD) values [118-120].

Industries, such as nuclear industry, iron and steel industry, printing and
dyeing industry, shoes and clothes industry, food and drink production, etc,
contribute a lot in developing economy and improve life quality but
simultaneously cause much pollution to the environment and water. Decided
by their producing procedures and products, these industries can’t avoid
releasing lots of chemicals, including organic and inorganic substances or
solvents, which are harmful to environment or even toxic. Sewage release
without adequate treatment can cause water pollution [121]. Therefore, the
discharge of sewage to aquatic ecosystems should be treated previously and
reach the standards proposed by the regions or countries. Meanwhile, with the
acceleration of urbanization globally, wastewater caused by industrial

production is increasing gradually [122].
» Domestic activities

Accelerated urbanization all over the world brings many benefits to

peoples as well as many challenges, one of which is the dramatically increased
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generation and discharge of domestic wastewater. As reported, over 80% of
domestic wastewater globally was discharged into water bodies without
adequate treatment [123]. In general, domestic wastewater refers to the
wastewater produced from household activities, such as washing clothes and
utensils, domestic hygiene, defecation, micturition, cleaning home and vehicles,
and other wastes formed in daily life [124]. The pollutants contributed by
domestic wastes can increase levels of BOD and COD in discharged water
bodies, accompanied with the impacts of altering the pH, inorganic
constituents, hardness, and pathogen load of the water [125]. Domestic
wastewater usually consists of synthetic detergents, soaps, fats, lignin,
carbohydrates, proteins, and natural or synthetic chemicals from the processing
industries [123]. In addition to some organic and inorganic, domestic
wastewater may contain millions of intestinal bacteria and a minority of other
pathogenic organisms, which can cause diseases like typhoid, gastroenteritis,

cholera, hepatitis, bacterial dysentery, and amoebic dysentery [123, 124].
» Agricultural activities

In addition, agricultural activities can also bring pollution to water because
of the utilization of pesticides, phosphate fertilizer and nitrogen fertilizers, as
well as the organic farm wastes [126]. What's more, agriculture irrigation using
polluted wastewater that untreated or partially treated is common in water-
scarce regions of developing countries, which expand the pollution range and
insert pollutants to agricultural products. Pesticides are indispensable in
agricultural activities for controlling weeds and insects, as well as improving
agricultural products harvest. Thus, they have made a significant contribution
to alleviating hunger and an abundant supply of high-quality food. Pesticides
that are used aiming at killing pests and control weeds usually use chemical

ingredients, which can also be toxic to other organisms, including non-target
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plants, birds and beneficial insects, as well as crops and animals. Moreover,
pesticide moves away from the target plants can bring contamination to air,

water and soil, resulting in environmental pollution [127].
> Health-care wastes

Hospitals are playing pivotal roles in guaranteeing the well-being of
humanity in protecting people’s lives and providing services to tackle the
complex health problems. With the growth of human population and the
improving demand on health care, the medication and health care activities in
the hospital are expanding correspondingly [128]. As defined by WHO, the
term health-care waste, refers to all the waste generated within health-care
facilities, research centres and laboratories related to medical procedures. And
the health-care wastewater is defined as any water that has been polluted
during the provision of health-care services [129].

Health-care wastewater is characterized as high levels of BOD, COD,
ammonia, and nitrogen content, which might contain chemicals,
pharmaceuticals and contagious biological agents, and might even contain
radioisotopes [129]. Sometimes, some microorganisms, for example, antibiotic-
resistant bacteria, antibiotic-resistant genes, persistent viruses, etc, also could
be found, which imposes a significant threat to the human health and
environment [130-132]. The ratio of BOD and COD values of wastewater is
used as the biodegradability index [133]. The biodegradability index of health-
care wastewater is also lower than that of domestic wastewater, which indicates

that it is difficult to treat by conventional biological systems.

1.4.3 Chemical Oxygen Demand (COD)

As defined by International Union of Pure and Applied Chemistry

(IUPAC), Chemical Oxygen Demand (COD) is “a measure of the amount of
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oxygen, divided by the volume of the system, required to oxidize the organic
(and inorganic) matter in wastewater using a chemically oxidizing agent. In
practice, it is usually expressed in milligrams O: per litre” [134]. According to
this definition, COD is calculated as the oxygen equivalent that used for
oxidizing all the reducing substances by high oxidants in aqueous solutions,
usually with a unit of mg/L O, as expressed by equation (7) below. Therefore,
it can reflect the degree of contamination in water by reducing substances.
There is usually a variety of reducing substances in contaminated water, such
as organic matters, nitrites, sulfides, and ferrites, but the majority group is
organic matters. Therefore, COD is often used as a measure to the content of
organic pollutants in water samples. Briefly, the larger the COD value is, the

more serious the water is polluted by organic matters.
C:H:ONc + (1 +a/4 - b/2 = 3/4c) O2 — n CO2 + (a/2 — 3/2c) H20 + ¢ NHs (7)

Therefore, COD is also used as one of the comprehensive parameters for
indicating and evaluating the quality of water samples, e.g. lakes, rivers
or wastewater, in terms of organic contamination [96]. COD can be determined
to different values in different methods because of the different oxidation to
reducing substances. Using potassium permanganate or potassium dichromate
under acidic condition to conduct oxidation and determination is a commonly
used method. The strong oxidizing agent potassium permanganate (KMnOa)
has been used for many years in COD measurement. However, its effectiveness
at oxidizing organic matters can vary widely to different compounds. The limit
of its oxidation capacity renders it a relatively poor oxidant for determining
COD. Therefore, potassium dichromate (K:Cr207) become a better choice
because it is relatively cheap, easy to purify, and importantly it can oxidize a
wide range of organic compounds and shows good reproducibility. Sometimes,
the determinations from KMnOusare called oxygen consumption and the detected

results are called oxygen demand from KaoCr20:.

35


https://en.wikipedia.org/wiki/Lake
https://en.wikipedia.org/wiki/River
https://en.wikipedia.org/wiki/Wastewater
https://en.wikipedia.org/wiki/Oxidizing_agent
https://en.wikipedia.org/wiki/Potassium_permanganate
https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Manganese
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Potassium_dichromate
https://en.wikipedia.org/wiki/List_of_purification_methods_in_chemistry
https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Manganese
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Potassium_dichromate

Chapter 1 Introduction

1.4.3.1 Traditional method of COD determination

The traditional standard method of chemical oxygen demand
measurement is represented by the international standard ISO6060
"Determination of the chemical oxygen demand" [135]. This method shows
high oxidation rate, good reproducibility, accuracy and reliability, and been
universally recognized and used as standard for COD detection in many
countries [136]. The detection procedure is carried out in sulfuric acid medium
providing an acidic environment. There are two main steps in standard
method, including digestion step and titration step. In digestion step, KoCr207
is used as oxidant, silver sulfate as catalyst, mercury sulfate as masking agent
of chloride ions. The acidity of sulfuric acid used as digestion reaction liquid is
9 mol/L. Digestion reaction is carried out by boiling reflux for 2 hours at 148°C
+2°C. After the digestion procedure, the excess KoCr20r is titrated with ferrous
ammonium sulfate (FAS) solution using ferroin as an indicator. The
consumption of FAS solution is equivalent to the unreacted K:Cr:O7 added
originally. The COD value of the water sample can be calculated according to
the subtraction of unreacted KoCr207 from the total amount that originally

added.

In digestion step, oxidizing agent must be in excess to ensure that all
organic compounds can be oxidized completely. When K:Cr207is used as the
oxidant, it is titrated with FAS once oxidation is complete until all of the excess
oxidant has been reduced to Cr®. The reaction of organic compounds with
K2Cr207 under acidic conditions is shown in equation (8). In this equation,
d=2n/3 + a/6 — b/3 — c/2. As an oxidizing agent, K2Cr2O7 does not make organic
nitrogen oxidized into nitrate, so nitrification is not included in the standard

COD test [137].
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C:H:OuNc + d Cr2O72+ (84 + ¢) H — n CO2 + (a/2 + 4d — 3/2¢) H.0 + ¢ NH4" + 2d
Cr? (8)

As the definition shows, the COD values detected from traditional methods
can count the oxidation to some reduced inorganic ions, which can affect the
evaluation to organic contents. Because of the common existence and high
concentration in wastewater, chloride can cause serious interference in COD
values when used for monitoring organic pollutants [137]. The chemical
reaction between chloride and dichromate was illustrated in equation (9). To
eliminate this interference, mercuric sulfate can be added prior to other
reagents to form a poorly ionized mercuric chloride complex. In addition to
chloride, there are also a small amount of other inorganic compounds that can
cause possible interference, such as nitrite, ferrous iron and sulfides, which can
be overcome by adding sulfamic acid [136, 137].

ClI + Cr2:O7* +14 H* — 3 Cl2 + 2 Cr3* + 7 H20 )

1.4.3.2 Electrochemical sensors for COD detection

According to the above section, although the traditional COD detection is
well established and standardized, this procedure is time-consuming and
expensive as well as the involvement of some corrosive and highly toxic
reagents. Above all, the final back-titration procedure confers a poor
reproducibility and it demands qualified personnel, which made the method
hard to automate. For the purpose of circumventing these drawbacks, lots of
efforts have been put in developing rapid, easy-operation and environmentally
friendly methods for COD determination. As summarized by Wang et al.,
alternatives for COD detection can be classified into three categories [138]. The
first category involves modification based on traditional methods, which
focused on reducing digestion time, finding alternatives as oxidizing or

masking reagents, and seeking to use spectrophotometry instead of titration [79,
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138]. The second category refers to the methods of direct or indirect
determination of COD by spectroscopy technologies[138], e.g., near-infrared
spectroscopy [139], fluorescence spectroscopy [140], fourier transform infrared
(FTIR) spectroscopy [141], as well as inductively coupled plasma optical
emission spectrometry (ICP-OES) [142], etc. The third category mainly involves
catalytic reactions based on such as electrochemical [143], photocatalytic [144]
and  photoelectrochemical  techniques  [145].  Photocatalytic  and
photoelectrochemical methods are simple and rapid without secondary
pollution. However, the use of ultraviolet light raises complexity of the device
and operation, as well as increases the cost for COD determination. In addition
to lower environmental impact, in situ and real-time measurement are very
important for monitoring water quality. Therefore, such equipment should be
simple, cheap, reliable, sensitive and easy to be automatized [79]. Compared to
the others mentioned above, electrochemical sensors have good potential for in
situ and real-time COD analysis due to advantages of simple operation, small
size, high sensitivity and good reproducibility, lack of complex pre-treatments

and rapid electrical signal responses [138, 146-148].

1.4.3.3 Principles of COD detection by electrochemical
Sensors

In electrochemical methods, organic substances are oxidized on surfaces of
working electrodes (or sensors). An electro-catalysis-based redox reaction
occurs at the electrode surface after organic compounds of a certain
concentration are adsorbed on the interface, which can result in the gain or loss
of electrons. The amount of gained or lost electrons during a redox reaction can
be evaluated by measuring the current intensity at the macro level. Therefore,
a quantitative relationship can be established between the electrical signal (e.g.,

current intensity) and the concentration of organic pollutants [148, 149]. Based
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on the chemical properties of different organic compounds, the electrode can
identify and evaluate different pollutants qualitatively and quantitatively
based on electrodes” properties and differences of electrical signals, such as
different intensities or positions of current peaks. The equipment of
electrochemical sensing system for COD analysis was illustrated in Figure 1.17.

The electrochemical device is a typical three-electrode system composed of a

working electrode (WE), a reference electrode (RE) and a counter electrode (CE).
Potentiostat }
-980988 ° |
Reference

Counter electrode (RE)

= Electrode (CE)
8 2

0\/

Redox reaction

Current

Potential

Figure 1.17 Basic principles of COD detection by electrochemical sensing systems

1.4.3.4 Application of copper-derived materials for COD
detection in wastewater

Despite of those advantages of electrochemical methods for COD
determination, it is not possible to achieve direct oxidation of organic
pollutants utilizing carbon-based or metal sensors because of the reason that
the high potential required would be outside the potential window of the
electrochemical device, whose limit is defined by the oxidation of water at
positive potential [79]. Many electrochemical sensors have been reported good
performance for COD sensors construction, such as Cu, PbO:, Ni, Rh20s, CoO
and Ni Cu alloy [143, 150-154]. The mechanism and catalytic activity of these
fabricated electrodes were accepted to be related to the formation of hydroxyl

radicals (‘OH) on the electrodes’ surfaces, which is a strong oxidant [155].
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Whereas, the performance of a COD sensor can be affected a lot by the material
itself and its structure in terms of reaction mechanism and reaction products,
as well as the efficiency of electrochemical oxidation, which can further
influence the accuracy of the result. In this sense, copper-derived material has
attracted lots of attention in organic pollution analysis as it is widely accepted
to be a powerful electrocatalyst in alkaline media for oxidation of some organic
compounds, such as carbohydrates and amino acids [82, 147, 152, 156-158].
Nanostructured copper (oxide) materials have attracted lot of attention on
the synthesis and application on many fields [159-161]. Cu and CuO (or Cu20)
nanoparticles have reported a wide application for sensor fabrication in
molecule detection, such as glucose, catechol, dopamine and other phenolic
compounds, etc, which makes Cu-derived nanostructures are suitable for COD
determination as the same organic target analytes. The procedure of the
electrocatalytic behaviour for the oxidation of organic compounds was
proposed, as shown below in equation (10) and (11). The catalytic performance
can be affected by the hydroxide concentration and CuO. The Cu(IIl) species
act as the electron-transfer mediator, which contribute to the good performance
of copper electrodes in alkaline medium in oxidation process to organic
compounds. Hydroxide ions can neutralize the protons appeared in the

formation of active sites CuO(OH) through discharge of water.

Cu"O + OH™ —» Cu™OOH:- + e (electronic step) (10)
CuOOH:- + organic (reduced) —» Cu'O + organic(oxidized) + H20

(chemical step) (11)

Cu-derived nanostructure modified electrode surface with highly

developed surface area in controllable manner can be also obtained by

anodization process. Growth of oxide/hydroxide layers on copper surface can

be controlled by changing conditions, such as: species and concentration in

electrolyte, electrochemical condition, pH or temperature. Silva and co-workers
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reported a surface modified copper-based electrode for COD detection in 2008
by anodization technique [162]. This electrode was fabricated utilizing a copper
rod, wrapped by epoxy resin and a glass cylinder. The anodic copper oxide was
formed in CV cycling the potential between —1.0 and +0.70 V vs. Ag/AgClin 0.1
mol/L NaOH solution for 15 min. The analytical linear range of 53.0~2801.4
mg/L Oz with detection limit of 20.3 mg/L O: was achieved in the test of COD
detection using 0.1 mol/L NaOH as the medium. Carchi and co-workers
presented a work of modification of Cu electrode by filming with Nafion and
anodic CuO for COD determination [81]. In this research, two copper-based
electrodes were fabricated and coated with a layer of CuO nanomaterials in an
electrochemical procedure in 0.1 mol/L NaOH solution, cycling (50 cycles)
potential between -1.0 and +0.80 V vs. Ag/AgCl. This obtained COD sensor
presented an analytical linear range of 50~1000 mg/L, with a detection limit of
2.11 mg/L (n=6) O2in 0.1 mol/L NaOH medium.

In this thesis, anodization technique was employed for growing copper
oxide nanostructures on copper plate substrate for analysis of organic

pollutants in wastewater with use of the electronic tongue principles.

1.4.4 Electronic tongue for water analysis

As mentioned above, it is not easy to make all organic pollutants oxidized
to carbon dioxide and water through electrochemical procedure. Current
approaches for COD determination are based on oxidation of organic
pollutants and corresponding changes of chemical, physics chemistry and
electrochemical properties. However, wastewaters, especially industrial waste
usually contains diverse organic compounds with complex structures, natures
or concentration, which may result in low accuracy of detected COD values
[163]. In practical COD test based on electrochemical measurements, a

calibration curve showing the relationship between the COD values and
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electrical signals is always required. However, sometimes these signals do not
always reflect the COD values because of the complexity and diversity of
organic pollution. Basically, the COD value can be estimated from the
calibration curve only when the sample contains a single species. In this sense,
electrochemical sensor array can be a promising tool for COD analysis because
of the advantage of specifically identify and quantify certain compounds or
groups of compounds, which can give more information about the organic
pollutants [164]. Therefore, electrochemical sensor arrays, such as electronic
tongues, emerge as promising tools for monitoring of water resources and
provide more generic and global information [165]. The principle of the
application of electronic tongue in water or wastewater analysis can be divided
into four steps: sensor array preparation, electrochemical measurement (data
collection), model building and analysis, as illustrated in Figure 1.18. Campos
and co-workers proposed a voltammetric electronic tongue system for
parameters prediction in a bioreactor pilot wastewater treatment plant [166].
The electronic tongue array was composed of a set of 8 metallic electrodes (Au,
Pt, Rh, Ir, Ag, Ni, Co and Cu). A training/validation procedure was conducted
in the electronic tongue research with a set of 28 samples for training and a set
of 11 samples for validation. Then partial least squares (PLS) analysis was
applied to obtain a correlation between the signals and the water quality
parameters, such as soluble COD, soluble BOD, ammonia, orthophosphate,
sulphate, acetic acid and alkalinity. It was demonstrated that the electronic
tongue showed relatively better predictive power for the determination and

evaluation of the general contamination status.
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Figure 1.18 Principle of water analysis using electronic tongue technology.

1.5 Anxiolytic herbal medicinal products
and protocol for quality control

1.5.1 Mental anxiety disorders

As reported by World Health Organization, there are more and more
people suffering from mental health disorders, particularly in low-income
countries where lots of people with high life burden and more people are
reaching the age with high occurrence [167]. Generally, Mental health disorders
consists of anxiety disorders and depressive disorders. Anxiety disorders can
cause health problems in terms of fear and anxiety, which can occur in different
types, e.g., social anxiety disorder, generalized anxiety disorder, panic disorder
phobias, post-traumatic stress disorder (PTSD) and obsessive-compulsive
disorder (OCD) [167]. Social anxiety disorder (13% lifetime prevalence),
Generalized anxiety disorder (6.2% lifetime prevalence), and panic disorder
(56.2% lifetime prevalence) are common anxiety disorders seen in primary care
[168]. The symptoms tend to be chronic and the degrees can be mild, moderate
and severe. Patients may suffer different symptoms according to different
degrees, mainly including high blood pressure, palpitations, elevated heart rate,
shortness of breath, sweating, fatigue, tension, irritability, insomnia, dizziness
and restless. These symptoms can cause very negative influence to patients,

aggravate the burden of patients’ life and further cause impacts to society.
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Patients would progress to depression and sometimes committee suicide

without adequate treatment [169].

1.5.2 Herbal plants for anxiety disorders treatment

In addition to psychotherapy, pharmacotherapy is also a first-line
treatment to anxiety disorders. Pharmacological therapy includes selective
serotonin and norepinephrine reuptake inhibitors, selective serotonin reuptake
inhibitors, pregabalin, buspirone, tricyclic antidepressants, monoamine
oxidase inhibitors and benzodiazepines [169, 170]. However, such therapies
with synthetic anxiolytics or antidepressants were reported to present certain
adverse effects, including seizure, nausea, restlessness, addiction, headache,
sexual dysfunction, fatigue, increased or decreased appetite, weight gain,
weight loss and so on [171, 172]. These symptoms were reduced in cases where
herbal medicines were used for treatment [171-173]. Some herbs and products
derived from them that are dietary supplements or over-the-counter medicines
are commonly used in the Western world for the above anxiety disorders
treatment. The application of herbs is supported by the European Medicines
Agency herbal monograph[169]. Lots of interest has been attracted by plant-
derived natural products owing to their considerable beneficial effects.
Flavonoids are natural polyphenol-like compounds, which can be found in
some medicinal herbs [174]. Their positive therapeutic effects on anxiety and
depression disorders have been demonstrated by preclinical studies [174, 175].
Some anxiolytic herbs, as introduced as following, were researched on their
products’ discrimination and authentication in this thesis.

@ Valerian:

Valerian (Valeriana officinalis L.) is the species that has been studied a lot for
its effects on different types of nervous alterations, including insomnia and

anxiety. Valerian has a rhizome and a root with many secondary roots and
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stolons, which is an important pharmaceutical source. It was confirmed that
aqueous ethanol extracts of valerian root contain iridoids, flavonoids, etc [169].
The principal active compound of valerian was considered as the valerenic acid
[170]. Studies indicated that valerian significantly reduced anxiety and various
other psychiatric symptoms, such as insomnia or OCD, etc [176]. Various
medicinal products made of valerian can be found for patients who are
pursuing sense of relax, anxiolytic effect or improvement of sleeping quality

and time.

(A) (B) (€)

Figure 1.19 Images of fresh valerian flower (A), plant and root (B) and loose
valerian root product (C).

® Chamomile:

Chamomile (Matricaria chamomilla L.) has long been used as a medicinal
plant to treat different pathologies and ailments around the world [177].
Aqueous standardized extract of chamomile flowers were reported to contain
about 1.2% apigenin and 0.5% essential oils; quercetin, glucosides and various
acetylated derivatives were also included [178]. Studies demonstrated that
chamomile has good effects on treating patients with symptoms of anxiety
disorders of different levels, as well as enhancing sleeping quality [179]. In
addition, chamomile can also be used as an antidepressant in anxious patients
with depression [180]. Teas, extracts and oils made from chamomile are used
as a sedative, mild analgesic and sleep medication for its soothing qualities.
Briefly, chamomile is an effective complementary treatment for anxiety and

depression disorders and help decrease the related negative symptoms such as
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insomnia.

(A) (B)

Figure 1.20 Images of fresh chamomile flowers (A) and loose chamomile flowers
product (B).

@ Passionflower:

Passionflower (Passiflora incarnata L.), also known as maypop, is commonly
used in contemporary Western phytotherapy. It is a plant that has been used to
treat insomnia traditionally [181]. In addition, it was tested without side effects
in some preclinical experiments for treating anxiety disorders problems in
clinical practices. The aqueous extract of passionflower contains many
flavonoids, such as apigenin, chrysin, quercetin and so on [182]. It is widely
accepted that passionflower’s anxiolytic effects are associated with the phenolic
substances, primarily from flavonoids. Different clinical trials have confirmed
the anxiolytic and sedative effects of the aerial parts of this plant. Passionflower
are now widely used for preparing anxiolytic pharmaceutical or health care

products.
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Figure 1.21 Images of fresh passionflower aerial part (A) and loose passionflower
product (B).

@ Lavender:

Species of Lavandula angustifolia Mill., commonly known as English
Lavender, is usually used in perfumes and in aromatherapy because its
fragrance has a purported calming effect. Lavender flowers can also be used for
the relief of mild symptoms of stress and exhaustion to aid sleep according to
the European Medicines Agency monograph [183]. As reported, lavender
flowers contain essential oil, tannins, phenolcarboxylic acids, flavonoids,
coumarin derivatives, etc [184]. Its anxiolytic properties have also been
demonstrated in pharmacological studies and some clinical trials [185].
Lavender oils and tea made of lavender flowers can be used as oral
supplements for sleeping aids based on the property of calming nervous states
in traditional and ancient medicinal uses. In addition, such products work for
treatments of wounds, lice infestation, migraines, panic attacks and some heart

problems, cold, bites, cramps and congestion.

(B)

Figure 1.22 Images of fresh lavender flowers (A) and loose lavender flowers
product (B).

1.5.3 Quality control of herbal medicinal products

Herbal medicines have already existed for centuries worldwide. Due to the

advantages of lower toxicity, relatively low costs, increasing availability of
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high-quality herbal drugs, the lower side-effect and the popular natural
properties, the demand for medicinal products is showing an increasing
tendency in recent years [186]. As reported by Globe Newswire, the global
market for herbal medicines was estimated at US$110.2 billion in the year 2020
and is projected to reach US$178.4 billion by year 2026 [186]. In Europe, the
consumption and demand of herbal drugs in pharmaceuticals are increasing as
well. The European herbal medicine market will reach US$35.8 billion by 2026,
predicted by Globe Newswire. This will make Europe become the second-
largest market for herbal medicine worldwide, after Asia-Pacific [186].

Herbal medicinal products usually refer to products, e.g., tablets, powder,
extracts, capsules, and tea forms, containing ingredients made from plants or
natural resources. They are considered as safe and ideal alternatives with few
or no side-effects to improve health and organ function. Although herbal
medicinal products are considered natural remedies, it does not mean that they
are always beneficial and safe. For instance, specific particularities can exist
depending on the natural origins of the raw materials, the production processes
and quality control, as well as the complex character of the products [187]. In
addition, their purity must be an important factor since these plants may be
exposed to various environmental influences [187]. Therefore, quality control
is crucial in the entire process of production of medicinal drugs, from raw
materials to products. To produce herbal medicine or health-care products, the
first step is to identify the herb species correctly. Therefore, it is foundational
to research and develop approaches for accurate and efficient herbal
authentication. In the past, selection of herbs was relied on experienced
herbalists according to morphologies, smell, colour and taste [188].
Nevertheless, such traditional methods could be too subjective and inefficient.
Advanced technologies need to be invented to provide much more precise

information and be suitable to complex systems along with the increasing
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demand of multitudinous herbal products. The existence of multiple
preparations for the same type of herb (e.g., tablet, infusion, drop) increases the
difficulty in their quality control, which facilitates the possibility of frauds and
tampering [189]. In addition, the quality of productsis also related to their price
establishment. When different parts of the plant may be used to obtain the
infusions or other forms, activity and quality of the preparation may well be
highly dependent on the proportions used. Therefore, higher proportions of the
most active part should be much better valued than others. In a word, the
identification, characterization and authentication of herbal medicinal products
is a subject in terms of safety and the development of herbal medicinal products

market.
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2 Objectives

The general objective of the thesis is to fabricate some electrochemical
sensors using metallic nanomaterials as modifiers to constitute ET arrays for
the purpose of particular applications. Those prepared sensors would be
utilized to build several electronic tongue arrays for qualitative and
quantitative analysis. For this aim, some chemometric tools, e.g.,, PCA and
ANN, as well as several supervised machine learning classifiers, k-NN, Naive
Bayes, random forest and SVM, would be approached for extracting

information. The specific objectives were related to two research topics:

1. To fabricate electrochemical sensors using different substrates, i.e.,
graphite-epoxy composite (GEC) or Cu block, approaches or nanoscale
modifiers. To establish ET arrays for COD determination and
qualitatively evaluation of organic pollution in wastewater.

. To fabricate metal copper-based electrodes and modify

their surfaces by forming CuO nanostructure through an
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electrochemical anodization procedure;

. To construct some electrodes using GEC as substrate
incorporating some nanoparticles (NPs) as electro-catalysts, such
as Cu, CuO, Ni and Ni Cu alloy NPs;

. To optimize the measuring condition, such as measuring
medium, to improve the efficiency of electrochemical oxidation.
. To test cyclic voltammetric responses of prepared
electrodes to different COD standard substances and evaluate
their potential for building the ET array.

. To get a classic calibration equation showing the
relationship between COD values and current intensity for
individual sensor using standard substance.

. To prepared samples with two or more standard
substances to simulate wastewater conditions to build PCA or
ANN models for organic pollution evaluation qualitatively and
quantitatively

1 To apply ET array into analyzing and evaluating real
wastewater or spiked wastewater samples to test the

practicability.

2. To build an ET array using GEC-based electrodes modified with some
electro-catalysts for various forms of herbal anxiolytic products analysis.
Collected anxiolytic products were composed of five forms, e.g., dried
plant, tea bag, extracted liquid, tablet and capsule, and four target herb
varieties, including chamomile, valerian, passionflower and lavender.

. To fabricate some GEC sensors using various
nanoparticles, such as Cu, CuO, Ni, TiO:z and Ni Cu alloy, as well
as a bare GEC electrode;

1 To optimize the measuring condition;
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. To test electrochemical responses of these sensors to
different herb varieties and choose electrodes for ET array;

. To use CV data collected by the ET array to extract
information for authentication and discrimination, as well as

evaluate the performance of this ET system on such application.
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3 Experimental

3.1 Reagents and instruments

3.1.1 Chemicals and reagents

Chemical reagents used in researches presented are analytical grade,
without any further purification. Solutions in the COD detection measurement
were prepared using Milli-Q water filtered in a Milli-Q System (Millipore,
Billerica, MA, USA). The cuvettes for colorimetric COD tests (LCK 514 for COD
range 100~2000 mg/L Oz LCK 1414 for COD range 5~60 mg/L O2) were
purchased from HACH company (HACH LANGE GMBH, Dusseldorf,
Germany). In herbal products research, ultrapure water used for cleansing
electrodes was prepared in Milli-Q plus 185 system (Millipore, Burlington, MA,
USA). Natural mineral water was of brand Ribes purchased from local
supermarket for brewing herbal medicinal products. Ethanol (96%) used for

cleaning electrodes were acquired from Merck (Darmstadt, Germany). Alumina
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powder, which was used for polishing the surface of copper block, was
purchased from CH Instruments (Austin, TX, USA). Ferrocyanide redox pair
was used as an electrochemical standard to study the behaviour of the prepared
electrodes, which was prepared in the phosphate buffer solution containing 5.0
mM Kis[Fe(CN)s]/Ks[Fe(CN)s] with pH 7. The information of reagents and their

utilization are summarized in the Table 3.1.

Table 0.1 Summary of the reagents utilized in experiments.

Usage Reagent Manufacturer Section
graphite powder BDH Laboratory supplies Section
(Poole, UK) 41 and
(<50 pum) ! 4.2
. . Section
Electrode 1 Resineco Green Composites
epoxy resin kit . 4.1 and
substrate (Barcelona, Spain) 40
Epoxy Technologies (Billerica Section
H77 epoxy resin kit poxy MA, U‘c’; A) " | 41and
4.2
Section
CuNPs (40~60 nm) Sigma-Aldrich 4.1 and
4.2
Section
CuO NPs (<50 nm) Sigma-Aldrich 4.1 and
4.2
Section
Electrochemical | NiNPs (<100 nm) Sigma-Aldrich 4.2 and
catalyst 4.3
Ni Cu alloy NPs Section
Nanografi Nano Technology 42,42
(<80 nm) and 4.3
. . . Section
TiO2 NPs (<25 nm) Sigma-Aldrich 43
Glucose (CsH120¢) Sigma-Aldrich Section
4.1 and
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4.2
Section
Glycine (C2H5NO2) Sigma-Aldrich 4.1 and
Analytes 4.2
Ethylene glycol . . Section
(CH,OH) Sigma-Aldrich 41
Potassium hydrogen Section
phthalate (KHP, Sigma-Aldrich 41
CsH504K) )
. . Section
Potassium chloride ACROS Organics 4.1 and
(KC1) 43
Potassium hydroxide : Section
(KOH) ACROS Organics 43
. . Section
Sodium chloride Sigma-Aldrich 4.1 and
(NaCl) 40
Section
Sodium hydroxide . .
(NaOH) Sigma-Aldrich 4.14aznd
Buffer or '
electrolyte Section
solution potassium hydrogen . )
phosphate (K:HPOs Sigma-Aldrich 4.14a3nd
Electrolyte '
solutions potassium Section
dihydrogen Sigma-Aldrich 4.1 and
phosphate (KH,POy) 4.3
potassium .
Section
hexacyanoferrate (II) Panreac (Spain) 41 and
trihydrate P ' 43
K4[Fe(CN)s]-3H20 '
potassium Section
hexacyanoferrate (III) Panreac (Spain) 41 and
Ks[Fe(CN)e] 4.3
. . . . Section
Electrode Nafion resin solution Sigma i1
coating '
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material N, N- Section
Dimethylformamide Sigma-Aldrich 41
(DMF) '

3.1.2 Instruments

In COD related experiments, electrochemical measurements were carried
outin a PGSTAT 30 Autolab potentiostat (EcoChemie, Netherlands) with GPES
4.7 version software (EcoChemie) with a conventional three-electrode cell
configuration composed of prepared electrodes as the working electrodes, a
metallic platinum electrode (Crison 5261, Barcelona, Spain) as the auxiliary
electrode and a Ag/AgCl electrode as reference electrode. As for herbal
medicinal products measurements, experiments were completed in a PGSTAT
12 Autolab multipotentiostat (EcoChemie, Netherlands) connected to a 663 VA
stand (Metrohm Switzerland) and controlled by GPES software (version 4.9.007,
Ecochemie), as well as the same auxiliary and reference electrodes as above
mentioned.

The morphological characterization of the electrodes was conducted using
scanning electron microscope (SEM) EVO®MA10. COD tests with HACH
cuvettes were carried out with the DR3900 laboratory spectrophotometer

(HACH).

3.1.3 Fabrication of graphite-epoxy composite electrodes

Due to the advantages of high electronic conductivity, good chemical
stability, a relatively wide potential window in aqueous solutions, low
background signal and fast electron transfer rates, carbon-based materials have
a wide application in electrochemical analysis [1]. As a type of carbon-based
material, graphite has been used in electrode fabrication for decades [2]. In
researches presented here, graphite-epoxy composite (GEC) acts as the

substrate for sensors and the preparation was according to previous
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publication [3]. The composite was prepared by mixing graphite with epoxy,
which played a role of binder. To develop the electrochemical properties,
nanoparticles integrated with that composite as catalysts. The epoxy was used
by combining the hardener and the resin in a ratio of 1/2 (w/w). As for bare
GEC electrode, the composite was formed by mix graphite and epoxy at a ratio
of 41/59 (w/w). As for nanoparticles modified electrodes, each one was

prepared by blending graphite and epoxy with nanoparticles at a ratio of

54/41/5 (w/w/w).
(d)
PVC tube f)
e <> o
(graphnefl
b nanoparticle
cop(pen)- disk +epoxy)
ﬁ \) @ D . polish
) ——
el () (e) (8) (h)

Figure 3.1 Schematic diagram explaining fabrication of GEC electrodes.

The procedure of assembling GEC electrodes is illustrated in Figure 3.1.
The first step is to eliminate the oxidate layer at the copper disks by immersing
them in hydrochloric acid aqueous solution. After that, a copper disk (b) with
5 mm diameter was soldered to an electrical connector (a), which was obtained
as commercial product and put to use without any modification. Then the new-
formed entirety (c) was inserted into a PVC tube (d) (diameter: 5 mm; length:
20 mm). Therefore, an interior cylinder cavity was formed up to the top of the
tube (e). The composite (f) was blended thoroughly and inserted into the cavity,
applying a heating procedure at 40 °C for 2 days (g). All electrodes were
polished prior to utilization with emery papers of decreasing grain (400 to 1200
grit). Finally, electrodes with flat and glossy surfaces were ready for use (h).
The prepared GEC electrodes modified with different nanoparticles and
corresponding names presented in this text were summarized in Table 3.2

below.
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Table 3.2 Summary of the electrodes’ names and corresponding modifiers.

Nanoparticle Electrode name Section
CuNPs (40~60 nm) Cu NPs Section 4.1 and 4.2
CuO NPs (<50 nm) CuO NPs Section 4.1 and 4.2
NiNPs (<100 nm) Ni NPs Section 4.2
Ni Cu alloy NPs Ni-Cu NPs Section 4.1, 4.2 and 4.3
(<80 nm)
TiO2NPs (<25 nm) TiO2NPs Section 4.3
-- GEC Section 4.3

3.1.4 Fabrication of copper electrodes by electrochemical
anodization procedure

There were two copper block-based electrodes being employed to COD
determination fabricated according to procedures reported from literatures,
including one filmed with Nafion (NfCuO/Cu, applied in Section 4.1) and one
not (CuO/Cu, applied in Section 4.2) [4, 5]. These electrodes were fabricated by
electrochemical anodization, as illustrated in Figure 3.2. A copper block (b),
with 5 mm diameter and 4 mm length, was soldered to an electrical connector
(a). Then, this couple (c) was inserted into a PVC tube (d), with length of 20 mm
long and diameter of 5 mm. The cylindrical surface of the copper block was
wrapped with H77 epoxy resin and cured for 24 h in an oven at 80 °C (e). Then,
the surface of the electrode was polished with emery papers of decreasing grain
size and alumina powder (1.0, 0.3 and 0.05 micron), obtaining a glossy and
smooth surface. The surface was rinsed thoroughly using Milli-Q water. For the
electrode CuO/Cu, the anodization was conducted in a solution of 0.05 mol/L
NaOH solution using cyclic voltammetry technique, cycling potential from —0.1

to +0.8 V for 50 times at 100 mV/s (f). To modify surface of electrode NfCuO/Cu,
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10 uL Nafion and 5 pL. DMF was dropped on the surface and made solvent
volatilized by keeping it in air for 48 h, followed by the same anodization

procedure (g). Finally, dark CuO films formed on the electrodes’ surfaces.

| —

(d)

PVC tube Electrochemical
; P anodization
Electrical
connector (b) 1 =
Coppet )
block
>
i ()
— =
(D s 10 uL Nafion  Electrochemical

(a) (c) (e) +5 pL DMF anodization

(8)

Figure 3.2 Schematic diagram illustrating fabrication of copper-based electrodes
by electrochemical anodization procedure.

3.1.5 Construction of electronic tongues

Sensor arrays were established after primary analysis towards their
response signals to analytes. Three sensor arrays were established and utilized

for research in this text, as shown in Table 3.3:

Table 3.3 Summary of sensor arrays established in this text.

Sensor array Electrode name Section

Cu NPs
Sensor array 1 I\CI:flé?l g;l;i Section 4.1
Ni-Cu NPs
CuO/Cu
Cu NPs
Sensor array 2 CuO NPs Section 4.2
Ni NPs
Ni-Cu NPs
TiO2NPs
Sensor array 3 GEC Section 4.3
Ni-Cu NPs
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3.2 Preparation of solutions of analytes and

real samples

3.2.1 Solutions of analytes

In COD detection researches, glucose, glycine, ethylene glycol and KHP
were used as COD standard substances on behalf of organic pollutants. Their
solutions were used for voltammetric measurement for establishing ETs and
ANN training and testing. NaOH and KOH were used to providing an alkaline
condition for the purposed of enhancing ability of oxidizing organic
compounds. KCl solution were used in research on herbal medical products for
increasing the electronic conductivity of measuring samples. The summarised
solutions of analytes or electrolytes and corresponding purposes in

experiments were summarised in Table 3.4.

Table 3.4 Summary of the solutions prepared for analytes or electrolytes.

Concentration
Usage Reagent Purpose Section
/(mol/L)
Voltammetric test
and calibration .
Glucose 01 lot. ANN Section 4.1
(CeH1206) ‘ pioL and 4.2
training and
testing
oD ) Voltammetric test )
standard Glycine 01 and calibration Section 4.1
solution (C2H5NO») ' and 4.2
plot
Glycine ANN training and .
1 t 4.2
(C:HsNO) 0.16 testing Section
Voltammetric test
Eth(%;r:eoi};ml 0.1 and calibration Section 4.1

plot
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Potassium
hydrogen Test and .
phthalate (KHP, 0.05 calibration plot Section 4.1
CsHs504K)
Sodium ,
Electrolyte hydroxide 0.05 Alkaline condition Sec;t;)z ;’1
(NaOH) ana =
Potassium
Electrolyte hydroxide 0.05 Alkaline condition | Section 4.3
(KOH)
Potassium To increase .
Electrolyte chloride (KCI) 3.2 conductivity Section 4.3
3.2.2 Real samples

1) Wastewater and river water samples

In COD determination research, real water samples included pesticide
polluted wastewater, river water and tap water samples that all from Catalonia
(Spain). Information about these samples were summarised in Table 3.5. These
river water samples were measured electrochemically after being mixed with

NaOH electrolyte.

Table 3.5 Information of wastewater and river water samples.

: o g Stud
Sample River Origin Property y
case
. . Polluted by two kinds of pesticides (diuron and .
River Gava, . Section
R1 ) bentazon); COD value was determined as 1312
Llobregat  Spain . 4.1
mg/L Oz with HACH cuvette.
It was taken from effluent generated after
River Gava, washing 'agrlc'ultural equlpr.nent and machines Section
R2 , after utilization and without any other
Llobregat  Spain 4.1

treatment process. The determined COD was
2088 mg/L Oz using HACH cuvette.
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R3

R4

R5

R6

R7

R8

A stream
alongside
a farm

A stream
alongside
a farm

A stream
alongside
a farm

A stream
alongside
a farm

A stream
flowing
through a
town

Lleida,
Spain

Ripollet,
Spain

Gava,
Spain

Gava,
Spain

Sant Boi de
Llobregat,
Spain

Cerdanyola

Tap water del Valles,

Spain

It was obtained from the stream without
any further process. The sample was clear and
COD was determined as 11.7 mg/L Oz with
HACH cuvette.

It was obtained from the stream without any

other process. The sample was clear and COD

was determined as 12.1 mg/L O2 with HACH
cuvette.

It was obtained from the stream without any
other process. The sample was clear and COD
value was determined as 15.1 mg/L Oz with
HACH cuvette.

It was obtained from the stream without any
other process. The sample was clear and COD
value was determined as 9.21 mg/L Oz with
HACH cuvette.

It was obtained from the stream without any

other process. The sample was a little muddy

and COD value was determined as 18.2 mg/L
02 with HACH cuvette.

A normal tap water took from campus of
university (Universitat Autonoma de
Barcelona)

Section
4.1 and
4.2

Section
4.2

Section
4.2

Section
42

Section
4.2

Section
4.1

2) Herbal medicinal samples

In experiments of research on herbal medicinal products, chamomile,

passionflower, valerian and lavender were selected as four representative

examples of anxiolytic herbs. Note that not all herb varieties could be found for

all prepared forms of products. A total of 35 samples of various products of

chamomile, passionflower, valerian and lavender were purchased in herbal

health-care shops and supermarkets located in Barcelona (Spain). The

information of brand and ingredients of considered samples was shown in

Table 3.6. These products were stored in room temperature (20 °C) during the

whole research work. All samples were put to electrochemical measurement

after being brewed into infusion samples according to similar procedure. A

kind of commercial mineral drinking water (brand: Ribes, Spain) was used for
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brewing. Tea bags were treated by soaking each one in 250 mL boiling water

for 5 min and then cooling in a water bath to room temperature. As for

extracted liquids, 10 drops of each sample were mixed with 250 mL boiling

water and put it into water bath. Loose plants, capsules and pills were smashed

previously and 1.5 g of each sample was brewed by 250 mL boiling water for 5

min and followed by water bath after filtration with filtering paper. Finally,

these prepared infusion samples were mixed with 3.15 mL KCl solution (3.2

mol/L) with the volume reaching 100 mL in a volumetric flask. All samples

were analysed in quadruplicate to account for the possible variability during

the experimental procedure. Therefore, a total of 140 testing samples were

ready to measure.

Table 3.6 Information of collected herbal products in Article 3.

Basic herb material

Sample  Brand Type (Somttet, i Other ingredients
1 Hornimans  Tea bag Chamomile (85.5%, --) Lavender ftlowe?r (%)
aromatic spices
Melissa, lime {1 g
2 Pompadour Teabag Valerian (20%, --) elissa, fime HOWer
lemon
Melissa (40%),
) ) Hawthorne (25%),
o,
3 Consum Teabag Passionflower (25%, aerial part) lavender (5%), vanilla
aroma spice (5%)
li 459
4 Hornimans  Tea bag Lavender (10%, flower) M‘e issa (45 A>),0
passionflower (5%)
1 O,
5 El CoTte Pealbe Chamomile (100%, plant and B
Inglés flower)
6  Westminster Tea bag Chamomile (100%, --) --
7 Hornimans  Tea bag Valerian (<54%, --) Greer.l r001boso (36 @'
apple pieces (10%), spices
Passionflower (18%, Glycerin, y-cyclodextrins,
8  Sorianatural Liquid lyophilized extract of a-cyclodextrins,
passionflower aerial part) flavonoids, water
. o Rooibos, melissa,
9  Pompadour Teabag Passionflower (10%, --)

honeybush, cinnamon
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10

11

12

13

14

15

16

17

18

19

20

21

22

Arkopharma

Condis

Naturmil

Floralp’s
Natura

Hacendado

Naturmil

Santiveri

Soria natural

Kneipp

Sana Sana

Hornimans

Capsule

Tea bag

Pill

Tea bag

Tea bag

Pill

Tea bag

Liquid

Pill

Pill

Tea bag

Loose plant

Loose plant

Passionflower (79.4%, aerial
part)

Chamomile (100%, plant and
flower)

Bulking agent: modified
corn starch, anticaking
agent: calcium phosphate
dibasic anhydrous,
magnesium salts of fatty
acids, silicon dioxide

Valerian (79.4%, root)

Valerian (100%, root) --

Chamomile (100%, --) -

Fructooligosaccharide,
bulking agent:
microcrystalline
cellulose, anticaking
agent: magnesium
stearate, silicon dioxide

Passionflower (80.6%, flower
and leaf)

Passionflower (100%, flowering

aerial part)

Valerian (around 18%,
lyophilized extract of valerian
root)

Glycerin, y-cyclodextrins,
a-cyclodextrins,
valerianic acid, water

Coating agent: sucrose,
talc, shellac; bulking
agent: lactose;
microcrystalline cellulose
and
polyvinylpyrrolidone;
anticaking agent:
magnesium stearate,
silicon dioxide
Bulking agent:
microcrystalline
cellulose; anticaking
agent: magnesium
stearate

Valerian (40.4%, root)

Valerian (70%, root)

Chamomile (100%, flower) --

Chamomile (100%, plant and
flower)

Passionflower (100%, aerial
part)
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23

24

25

26

27

28

29

30

31

32

33

34

35

-- Loose plant ~ Lavender (100%, flower) =

-- Loose plant Valerian (100%, root) -

. o e Capsule shell:
Arkopharma Capsule Valerian (82.9%, lyophilized hydroxypropyl
root)
methylcellulose
Stabilizer:
microcrystalline

Capsule  Valerian (43.5%, lyophilized

i 1
Soria Natura (34-S) extract of root)

cellulose; coating agent:
neutral methacrylate

copolymer

Dry extract of hawthorn,
a-cyclodextrins, glazing
agent: neutral
methacrylate copolymer,
lavender essential oil

Valerian (--%, dry extract of

. Capsule valerian root), passionflower (--
tural

Soria Natura (29-C) %, dry extract of passionflower

aerial part)

Microcrystalline
Plantea Pill Passionflower (--%, --) cellulose, magnesium
stearate
_ Loose plant Chrysanthemum 1 (100%, ~
flower)
h h 2 (1009
- Loose plant Chrysanthemum 2 (100%, ~
flower)
1 o
e Tea bag Chamomile (100%, plant and 3
flower)
1 o
Carrefour  Tea bag Chamomile (100%, plant and ~
flower)
1 o
EReCE Tea bag Chamomile (100%, plant and 3
flower)
Pompadour Teabag Chamomile (100%, flower) .
Hacendado _ Tea bag Valerian (94%, root) Aromatic fruits

3.3 Electrochemical measurements

The electrochemical measurements in this text were carried out in a

standard three-electrode cell at room temperature with electrochemical

Autolab PGSTAT30 (COD research) or 12 (herb research), the equipment was

shown in Figure 3.3. Aa metallic platinum electrode was used as the auxiliary
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electrode and a Ag/AgCl electrode was used as reference electrode. The

prepared electrodes were utilized as working electrodes.

Samples for measurement;
Reference, auxiliary and working electrodes.

Figure 3.3 The equipment for electrochemical measurement.

For COD researches, the electrochemical voltammetric measurement
towards standard and real samples with sensor arrays was carried out in 0.05
mol/L NaOH electrolyte. The cyclic voltammograms were recorded in a cycled
potential range from 0 V to 1.0 V with a scan rate of 50 mV/s. The
electrodeposition for modifying electrode surfaces was conducted in a solution
of 0.05 mol/L NaOH solution with cycling potential from -0.1 to +0.8 V for 50
times.

As for research on herbal medicinal products, samples were measured in
KCl medium (0.1 mol/L). Cyclic voltammograms were recorded for each
sample by sweeping the potential between 0 V and +1.25 V, with a step
potential of 0.01 V and a scan rate of 50 mV/s. The electrochemical cleaning
procedure for eliminating unwanted effects was conducted by cycling the
potential between 0 V and +1.30 V with a scan rate of 50 mV/s in 0.05 mol/L
KOH solution.

The calculation of active area of electrodes” surfaces were carried out in a

solution of 5 mM Kis[Fe(CN)s]/Ks[Fe(CN)¢] in PBS buffer in the potential range
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from -0.2 V to +0.7 V by applying different cyclic voltammetry scan rates (10,
25, 50, 100, 200, 300 and 500 mV/s)

3.4 Repeatability test

Repeatability is a basic demand for an electrode used for the electronic
tongue technique. Repetitive measurement is very critical in developing ET
arrays for the reason that sensors need to withstand the larger number of
measurements, which required to build the chemometric model. Bad
repeatability can result in large inaccuracy to samples and models. Prepared
electrodes were used as working electrodes in three-electrode system in 0.05
mol/L NaOH to test their stability and repeatability. For the sensor array 1 listed
in Table 3.3, 10 groups cyclic voltammetric scan, which consists of two cyclic
voltammograms responding to glucose (2.15 mmol/L) and blank electrolyte
respectively, were recorded. As for sensor array 2, 10 consecutive
measurements of cyclic voltammograms of prepared five electrodes towards a
mixed solution of glucose and glycine (equivalent to a COD value of 300 mg/L
O2) were recorded, during which a blank electrolyte (0.05 mol/L NaOH) was
also measured in between. In the case of electrodes of sensor array 3, sample 1
in Table 3.6 was treated and according to the protocol described in section 3.3.2
and its measuring solution was prepared firstly. 10 scans of CVs of electrodes
to this sample were recorded by the electrode array in 0.1 KCl solution by
cycling the potential between 0 and +1.2 V. Each scan was followed by a cyclic

voltammetric scan between 0 and +1.3 V.

3.5 COD test using commercial cuvettes

COD test with HACH cuvettes were conducted according to the

recommended procedure. In the very beginning, invert a few times to bring the
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sediment into suspension. 2.0 mL of each sample was added into one cuvette
using pipet. Closed the cuvettes and then inverted a few times. After being
heated in a thermostat for 2 hours at 148 °C, these cuvettes were allowed to cool
to room temperature. Then cleaned them thoroughly and inserted the cuvette
into the cell holder of the spectrophotometer to read the COD values. Note that

sediment must be completely settled before detection.

3.6 Data analysis

Voltammetric signals in the text were all recorded by Autolab and then
were converted to excel files using Microsoft Excel 2019. The figures of CVs
were prepared by OriginPro 8.5 (OriginLab Corporation, Northampton, MA,
USA). The calibration plots in COD research and related analysis were carried
out with this Origin programme. PCA procedure in COD research was carried
out with web tool ClustVis for clustering samples (https://biit.cs.ut.ee/clustvis/)
[6]. Orange open programming language (https://orangedatamining.com/,
University of Ljubljana, Slovenia) were used to perform machine learning
classification and analysis towards herbal medicinal products, such as PCA, k-

NN, Random Forest, Naive Bayes and SVM algorithms [7,8].
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4 Results and Discussion

To achieve the objectives described in Chapter 2, research works were
carried out according to the experiments as described in Chapter 3. Generally,
studies presented here are related to development of ETs for the applications
involving two topics, organic pollution analysis of wastewaters and
authentication of herb varieties of herbal anxiolytic products. For the former
topic, the work presented in this text could be divided into two parts. The first
one was the primary test, which utilized single sensor to attain classic
calibration equation for COD determination. This ET array was also helpful for
evaluating the oxidation difficulties of the organic pollutants existing in water
samples by PCA procedure, which can be related to the accuracy of detected
COD values. This part was presented and discussed in Section 4.1. As for the
latter one, it was the extension of the former one, optimization was involved
according to previous experience, in terms of sensor fabrication and
quantification methods. The ANN model was employed in this case for

calculation of COD values. These works wee presented in Section 4.2. The third
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part, which was for authentication and discrimination of herb varieties, as well
as the evaluation to ingredients of herbal anxiolytic products, was presented in

Section 4.3.

4.1 COD determination using sensors or
sensor array modified with metal or metal

oxide nanostructures

In recent years, nanomaterials have attracted lots of attention to modify
electrochemical sensors because of their intriguing physicochemical properties,
such as exceptional electrical and catalytic properties, large surface-to-volume
ratio, as well as large number of active adsorption sites, which provide them
advantages in analytical application [1]. As mentioned in Chapter 1, Cu-derived
nanomaterials, such as Cu, CuO or Cu20, have obtained wide acceptance as a
powerful electrocatalyst in electrochemical analytical research on organic
compounds because of the efficient catalytic activity, such as organic
compounds, i.e., glucose or phenolic substances. Due to the similar demanding
of detecting and analysing organic species, Cu-derived nanomaterials have
been attracted lots of effort to research on organic pollution in wastewater, such
as COD determination [2-5]. CuO is one of the most extensively used metal
oxide in electrochemical sensing applications. As for the preparation of CuO
sensors, copper oxide nanoparticles can be immobilized directly at the surface
of supporting material (e.g., glassy carbon). Some polymer binders, i.e., Nafion,
was proposed to enhance the adhesion [6,7]. To fabricate COD electrochemical
sensor, electrochemical oxidation (anodization) can be a promising strategy by
generating the copper oxide layer on the copper surface directly.

Nafion is a cationic exchange polymer formed by perfluorosulfonate

branches with sulfonic groups negatively charged at pH > 5. It can form a thin
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film on electrode surface to avoid electrode passivation derived from adhesion
of large contaminant particles on its surface by selection of contaminants based
on their particle size. What’s more, the Nafion is water insoluble and
hydrophilic, which can be used on the electrode surface to enhance the
chemical and mechanical endurance [2].

In this study case, three GEC-based electrodes were fabricated
incorporating nanoparticle modifiers, Cu NPs, CuO NPs and Ni Cu alloy NPs.
Inspired by the work reported by Carchi et al, Nafion was employed to protect
the electrode surface from contamination by organic compounds [2]. In
addition, a Cu-based electrode was also involved and modified by forming
nanostructured CuO at its surface through an electrochemical anodization
procedure, namely electrode NfCuO/Cu. The utilization of these four
electrodes was inspired by the good performance of copper-based
nanomaterials in electrochemical catalytic effects. Furthermore, the various
nanomaterials involved, as well as different principles for electrode fabrication,
were for the purpose of maximizing the differences in the voltammetric signals
derived from different sensors to provide more useful information.

A calibration equation was obtained by electrode NfCuO/Cu based on
cyclic voltammetric responses to glucose, which was used for simulating
organic pollutants. In addition, the PCA technique was employed using cyclic
voltammograms as inputs to evaluate the overall oxidation difficulties of
organic pollutants existing in wastewater samples, which can help evaluate the

organic pollution and accuracy of calculated COD values.

4.1.1 Electrochemical characterization of sensors

4.1.1.1 Electrochemical anodization

As section explained before, the Nafion film was covered on the Cu block

electrode firstly. CuO nanostructure was then formed at the surface by the
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electrochemical anodization procedure, which was conducted by employing
cyclic voltammetry between the potential range between -1.0 and +0.8 V vs.
Ag/AgCl in 0.05 M NaOH medium. Totally 50 scans were carried out in the
anodization step. Some cyclic voltammograms during this procedure were

recorded and illustrated in Figure 4.1.
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Figure 4.1 Cyclic voltammograms of the electrochemical anodization procedure on
Nafion filmed Cu electrode at 100 mV/s in 0.05 M NaOH electrolyte solution.

The anodic peak 1 at around -0.4V corresponds to the formation of the first
layer of Cu(I) oxide (Cuz20), while the anodic peak 2 at around 0 V corresponds
to the formation of the second mixed layer of Cu(Il) oxide/Cu(Il) hydroxide
(CuO/Cu(OH):z). As mentioned before, the stoichiometry of the formed oxide at
copper surface is not fixed in anodization procedure, implying that Cu20, CuO,
and Cu(OH): may co-exist [8,9]. However, the formed Cu(OH): deposit may
transform into a soluble substances like [Cu(OH):]2" in an alkaline environment
[8,10]. Therefore, the main component of the generated nanomaterials in the
anodization at the electrode surface was CuO. The signals reaching +0.8 V
indicated Cu(II)/Cu(Ill) oxidation. In the reverse scan, two cathodic peaks (3
and 4) were corresponding to the Cu(II)/Cu(I) (-0.54 V) and Cu(I)/Cu(0) (-0.84

V) reduction reactions, respectively [2,11].

4.1.1.2 Active surface areas of prepared electrodes
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After the four electrodes, including GEC-based electrodes Cu NPs, CuO
NPs and Ni-Cu NPs, as well as Cu-based NfCuO/Cu, were fabricated in the
former section, the active surface areas were calculated. Randles—Sevcik
Equation was employed in the calculation, which was shown as equation (12)
[12,13].

nDF

Ip=0446 -n- F-c-A-v- (50 (12)

In this equation, n represents the electron number participated in the redox
reaction. Ip is the peak current of the redox reaction in the voltammogram in
unit A. F is the Faraday’s constant (96,485 C-mol™). c is the concentration of the
redox species (mol-cm™). A represents the surface area of the working electrode
in cm?. R is the Gas Constant (8.314 J-mol™-K™). T refers to the temperature in
K, and D is the diffusion coefficient of the redox species in cm?s™. v is the scan
rate in V-s7, which varied (0.01, 0.025, 0.05, 0.1, 0.2, 0.3 and 0.5 V:s) in
recording seven scans of cyclic voltammograms in experimental procedure. A
three-electrode electrochemical system and 5 mmol-L [Fe(CN)s]*’* medium
solution were used for measurement. The values of the active area of the
electrodes could be calculated from the slope of the fitted line of v'/2 vs. Ip/c
graph. The calculated active areas were 139.23 mm? for NfCuO/Cu, 29.10 mm?
for Cu NPs, 31.09 mm? for CuO NPs, and 35.65 mm? for Ni-Cu NPs, all of which
were bigger than the geometric area (28.27 mm?, 6 mm diameter). These results
indicated the effective modification for the electrodes. Furthermore, the active
area of electrode NfCuO/Cu was about five times that of other GEC electrodes,
which implied a better function of anodic CuO nanostructure. It was predicted

an improved performance for electrode NfCuO/Cu.

4.1.1.3 Repeatability test

In this step, the repeatability of the proposed four electrodes was

completed according to the protocols described in section 3.5. The current
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intensity at +0.70 V from CVs for electrodes NfCuO/Cu, Cu NPs, CuO NPs, and
Ni-Cu NPs was recorded and displayed in Figure 4.2. As shown, the differences
of current intensity between measurements are very small in cases of glucose
solution and NaOH medium (blank). The relative standard deviation (RSD)
values were calculated based on the CV data as listed in Table 4.1. The obtained
RSD values of each electrode was lower than 5%, which indicates a good
repeatability and stability, which gave them capability of building an ET array.
These properties are essential for electrode members to conduct mass

measurements without hysteresis or memory effects in ET research.
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Figure 4.2 Current intensity at +0.70 V of oxidation in 10 cyclic voltammograms for
electrodes NfCuO/Cu (A), Cu NPs (B), CuO NPs (C) and Ni-Cu NPs (D) responding
to blank (blue) and 2.15 mmol/L glucose (orange) in 0.05 mol/L NaOH medium. Scan
rate: 50 mV-s,

Table 4.1. Relative standard deviation (RSD) values of electrodes NfCuO/Cu, Cu
NPs, CuO NPs, and Ni-Cu NPs obtained in blank and glucose solutions.

NfCuO/Cu Cu NPs CuO NPs Ni-Cu NPs
Blank ! 4.04% 3.07% 3.90% 3.44%

Glucose 2 2.48% 3.57% 3.87% 4.14%
10.05 mol/L NaOH solution;
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2 2.15 mmol/L glucose solution in 0.05 M NaOH medium.

4.1.1.4 Voltammetric responses to standard substances

In this step, the voltammetric responses of each sensor was measured
according to the measuring condition in Section 3.4. Some commonly used
COD standard organic compounds of different chemical structures and
functional groups, glucose, glycine, ethylene glycol, and potassium hydrogen
phthalate (KHP), that can show different activity in electrochemical reaction,
were utilized as analytes for simulating organic pollutants. Among these
substances, glucose is the one that is easier to be oxidized by electrochemical
catalyst. Oppositely, KHP is the harder one. The prepared 4 electrodes,
NfCuO/Cu, Cu NPs, CuO NPs and Ni-Cu NPs were used as working electrodes
in this measurement.

Cyclic voltammetric responses of fabricated four electrodes toward four
standard substances were checked in NaOH background electrolyte, which
could provide an alkaline environment for redox reaction, according to the
condition described in section 3.4. The concentration of NaOH was 0.05 mol/L,
which was milder than of reported works, for the purpose of protecting the
electrodes” surfaces [2,11,14]. Note that four organics were of same
concentration, 2.15 mmol/L. The obtained oxidation parts of cyclic
voltammograms were shown in Figures 4.3 and 4.4, which illustrated four
organics obtained at one electrode and one organic obtained from four
electrodes, respectively, for better comparison. As can be seen from Figures 4.3,
it is obvious that the CV signals originated from each electrode were different
from each other. As for each compound, different electrodes gave different
oxidation curves. Note that, electrode NfCuO/Cu gave highest current
intensity. Unfortunately, there was no obvious signal change indicating the
oxidation of KHP, which indicated that it was very hard to be oxidized under

the same condition. The result indicated that the diversity of the generated
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signals was informative and rich enough to build an electronic tongue model.

The responses of these electrodes to increasing concentration (0~3.6 mM) of

these four standard substances were also measured, as shown in Figures

4.5~4.8.
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Figure 4.3 Oxidation curves of cyclic voltammograms obtained by electrodes
NfCuO/Cu (A), Cu NPs (B), CuO NPs (C) and Ni-Cu NPs (D) responding to four
organic substances: glucose, glycine, ethylene glycol and KHP in concentration 2.15
mmol/L. Electrolyte: 0.05 mol/L NaOH solution. Scan rate: 50 mV/s.
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Figure 4.4 Oxidation curves of cyclic voltammograms obtained from electrodes
NfCuO/Cu, Cu NPs, CuO NPs, and Ni-Cu NPs responding to four standard organic
substances in concentration 2.15 mmol/L: glucose (A), glycine (B), ethylene glycol
(C) and KHP (D). Scan rate: 50 mV/s.
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Figure 4.5 Oxidation curves of cyclic voltammograms of electrode NfCuO/Cu

responding to glucose (A), glycine (B), ethylene glycol (C) and KHP (D) in

concentration range 0~3.6 mmol/L in 0.05 M NaOH medium. Scan rate: 50 mV/s.
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Figure 4.6 Oxidation curves of cyclic voltammograms of electrode Cu NPs
responding to glucose (A), glycine (B), ethylene glycol (C) and KHP (D) in
concentration range 0~3.6 mmol/L in 0.05 M NaOH medium. Scan rate: 50 mV/s.
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Figure 4.7 Oxidation curves of cyclic voltammograms of electrode CuO NPs
responding to glucose (A), glycine (B), ethylene glycol (C) and KHP (D) in
concentration range 0~3.6 mmol/L in 0.05 M NaOH medium. Scan rate: 50 mV/s.
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Figure 4.8 Oxidation curves of cyclic voltammograms of electrode Ni-Cu NPs
responding to glucose (A), glycine (B), ethylene glycol (C) and KHP (D) in
concentration range 0~3.6 mmol/L in 0.05 M NaOH medium. Scan rate: 50 mV/s.

4.1.2 Qualitative evaluation of standard and real samples
using proposed ET array and PCA technique

Owing to the adequate diversity of CV signals derived from prepared four
electrodes in former step, a clustering model would be established using PCA
technique in here. To this aim, each standard substance was prepared in
quadruplicate in concentration 2.15 mmol/L. Total 20 samples were measured
and the obtained CV data were employed as inputs in PCA procedure.
Electrochemical measurement was conducted in the same condition as the
former step. The scores plot of the first two components resulted from PCA was

shown in Figure 4.9. As observed, each standard organic substance was
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clustered clearly, without overlap observed. Furthermore, glucose, a group that
is easy to be oxidized, was located in the most left part and isolated from others.
Whereas, KHP, which is hard to be oxidized, was in the righter position. To
summarize, the PCA can discriminate different organics (the PC2 axis is mainly
related to this), and indicate characterizations, such as the oxidation difficulties

in this case, which can be differentiated by PC1 axis.
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Figure 4.9 Score plot of the first two components obtained from PCA procedure. The
clusters are glucose (blue), ethylene glycol (red), glycine (green), blank (orange) and
potassium hydrogen phthalate (purple).

4.1.3 Calibration curve attained from electrode NfCuO/Cu
for COD determination

As observed, electrode NfCuO/Cu responded to more substances than
other electrodes and gave higher current signals to these substances, especially
to glucose. Therefore, it was chosen for providing a classic protocol for COD
determination using calibration curve. To achieve it, cyclic voltammetric
responses of NfCuO/Cu to glucose in different concentration were recorded in
previous condition, as shown in Figure 4.10 (A). Glucose was used as COD
standard substances based on chemical equation, CeH1206+ 602 — 6CO2+ 6H20,
where 1 mol/L glucose equivalent to COD 192,000 mg/L O:). It was found that

the current intensity at around +0.70 V was proportion to the COD values over
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the range from 19.20 to 905.5 mg/L O: (Figure 4.10 B). In addition, a regression
equation I (uA) = 1.5281*COD+112.75 (R? = 0.9999) was fitted by least square.
Limit of detection (LOD) value was calculated as 12.3 mg/L O: using the
formula LOD = 3.30/S, where o is the standard deviation of the response and S
is the slope of the calibration curve. It is demonstrated that electrode NfCuO/Cu
exhibits a good limit of detection, linear range, and high response signals,
which can be verified from the comparison with some of the reported COD

sensors in the literature, as shown in Table 4.2.
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Figure 4.10 (A) Cyclic voltammetric responses of electrode NfCuO/Cu to glucose
solutions that equivalent to COD range from 0 to 1331.2 mg/L O2 in 0.05 M NaOH
medium with scan rate 50 mV/s. (B) Calibration line fitted from COD values vs.
current intensity at +0.70 V.

Table 4.2 Comparison of NfCuO/Cu with reported sensors of literature.

Electrode Standard LOD Linear Range Repeatability

Sensor Modifier Substance (mg/LO2)  (mg/LO») (RSD%)
CuO/AgO sensor CuO/AgO
1 2 106~1292 -
[15] NPs Glucose 8 06~129
Boron doped
diamond [16] KHP, phenol 7.5 20~9000 1.9
Cobalt oxide/GCE Coba‘lt oxide Glycine 11 5.7-155.8 5.7
[17] film
CuO/Cu disk[18] Cu NPs Glucose 1.07 2~595
NiCualloy/GCE  NiCualloy o o 1.0 10~1533 1.0
[5] film
Ti/Sb- P
i/Sb S[Il‘;” PO G SnOyPbO:  Glucose 0.3 0.5~200 <5%
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Cuo/Cu CuO NPs Glucose 203  53.0-2801.4 -
electrode [11]
F-PbO: sensor [20] Pb ,(H) Glucose 15.5 100~1200 --
particles
Nano-Ni/GCE[21] Nano-Ni Glucose 1.1 10~1533 4.7
This work Nano-CuO Glucose 12.3 19.2~905.5 2.48%

4.1.4 Analytical application of real samples

4.1.4.1 Spike-and-recovery assessment

To explore the potential of electrode NfCuO/Cu for practical application of
analysing real wastewaters, sample R1, R2 and R3 listed in Table 3.5, section
3.3.2, were studied using it by spike-and-recovery experiment. To conduct this
experiment, 10 mL of each sample was mixed with 10 mL 0.05 mol/L NaOH
solution, following the cyclic voltammetric measurement using electrode
NfCuO/Cu. CV measurement was repeated after spiking with 0.5 mmol/L
glucose, which was equivalent to theoretical COD 96.0 mg/L O:. The obtained
voltametric oxidation curves were shown in Figure 4.11. The COD values were
calculated based on current intensity at +0.70 V and calibration equation
obtained above (I = 1.5281*COD + 112.75). These results were summarized in
Table 4.3. Samples R1 and R2 were known that they had been polluted by
pesticides, COD detected as 1312 and 2044 mg/L O: respectively by HACH
cuvettes. While sample R3 was a relatively clean river water with COD 11.7
mg/L Oz As shown from this data, the recovery yields of spiked glucose in
measured samples were very near to 100%, which indicated that the electrode
NfCuO/Cu has good performance in quantifying the organic compounds that

are easy to be oxidized, such as glucose.
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Figure 4.11. Oxidation of voltammetric responses of electrode NfCuO/Cu to samples
R1~R3 before (black lines) and after (red lines) adding glucose (equivalent to COD
96.0 mg/L O2). Scan rate: 50 mV/s.

Table 4.3 Recovery yield of spiked glucose found by electrode NfCuO/Cu.

1.0

Theoretical COD found COD found
... Added Glucose s Recovery
Samples COD  before spiking (mg/L Oz) after spiking ield (%)
(mg/LO)*  (mg/L O2) ’ (mg/L0O) 7 °
Spiked R1 656 33.76 95.52 112.11 81.61%
Spiked R2 1044 17.10 95.52 101.64 88.06%
Spiked R3 5.85 18.56 95.52 97.37 82.09%

*Theoretical COD in measuring beaker after dilution.

4.1.4.2 Evaluation of polluted water using ET and PCA

In this step, the function of the sensor array would be explored combined
with PCA technique. To prepare the measuring samples, 100 uL of each sample
(R1, R2, R3 and R8) was added into 20 mL 0.05 mol/L NaOH medium to be a
test solution. In addition, such test solutions of samples R1 and R2 were spiked
with glucose respectively, which were measured and labelled as samples
“Spiked R1” and “Spiked R2” after that. Each sample was prepared in
quadruplicate. Voltammetric response of this sensor array to these samples
plus a blank (0.05 mol/L NaOH solution prepared from Milli-Q water) and
glucose solution (equivalent to COD 96 mg/L O:) were measured
electrochemically as done in previous step. The voltametric data was used as
inputs for PCA procedure. The obtained PCA result was shown in Figure 4.12,

where the numbers indicated theoretical COD values from calculation.
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Figure 4.12 Score plot of the first two components resulted from PCA. Groups refers
to glucose (green), blank (orange), diluted R8 (yellow), diluted R3 (purple), diluted
R1 (brown), diluted R2 (red), glucose spiked R1 (pink) and glucose spiked sample
R2 (blue).

As observed from this figure, the samples were clustered clearly. The entire
PCA space in the figure could be divided into 4 spaces. The samples containing
glucose tend to be in the inferior part, such as space 3 and 4. Oppositely,
samples containing organic pollutants that are hard to be oxidized by the
sensor array are located in superior parts, such as space 1 and 2. That was
consistent with the shift of samples R1 and R2 after adding glucose. In addition,
samples almost without any organic pollution were in superior part as well,
which are related to their lower current intensity signals, like the case of high
oxidation difficulty. However, the cleaner water samples, like blank and tap
water R8, appeared in space 1, different from samples R1 or R2. The sample R3
was in the boundary of spaces 1 and 2, which is reasonable considering its
property and lower COD. In addition, the samples with complex components
are also discriminated, as shown by glucose and glucose-spiked samples,
which were in space 3 and 4, respectively. Briefly, the space 1 samples show
high possibility of clean water without much organic pollution. It is likely that
Space 2 and Space 4 samples contain organic pollutants with high oxidation
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difficulty. Space 3 are related to organic pollutants that are easy to oxidized and
the COD values can be calculated accurately through electrochemical sensors,

like proposed NfCuO/Cu.
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Publication for Section 4.1:

Determination of Chemical Oxygen Demand (COD) Using Nanoparticle-

Modified Voltammetric Sensors and Electronic Tongue Principles.

Qing Wang and Manel del Valle.
Chemosensors, 2021, 9, 46.
https://doi.org/10.3390/chemosensors9030046.
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4.2 Electronic tongue array combined with
artificial neural network model for COD

determination

As reported, many electrochemical sensors for COD determination were
employed by plotting a calibration curve [2,521-26]. Nevertheless,
wastewaters usually contain diverse organic compounds with complex
structures, natures or concentration, which may result in low accuracy as
mentioned in section 1.4.5. Therefore, sometimes electrochemical signals do not
reflect the COD values because of the complexity and diversity of organic
pollution in practical COD test. Basically, the COD value can be estimated
precisely from the calibration curve only when the sample contains a single
species.

In this direction, attempting the multi-determination of several standard
substances and the use of multivariate data analysis might show better
performance. Based on an array of electrochemical sensors that capture
adequate signals derived by various organic species, plus a modelling tool for
interpreting and extracting meaningful data, electronic tongue technique may
provide help in such studies [27]. As a rapid, low-cost and simple tool,
electronic tongues have been widely used for liquid analysis, which is done by
treating the signal pattern with multivariate data analysis. It can generate an
output pattern that reflects a synthesis of all the components and an overall
outlook when analysing samples containing different compounds or analytes.
This technique works based on the combination of collected information by
several sensors which are likely to be of low specificity. Lots of efforts have
been put into application of ETs in analytical field attracted by the advantages
of simplicity and versatility, such as in food industry (wine, fish, meat, milk,

beverage, etc.), water quality monitoring, environmental analysis, etc [28-32].
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Whereas, very few studies have been carried out to explore the application of
ETs in COD determination combined with artificial neural networks (ANNSs).
As shown from Section 4.1, a single electrochemical sensor can be limited in the
complex system generated by organic compounds of various chemical
structures and properties, which may increase the inaccuracy of COD values
detected. As reported, it was revealed that some electrodes, such as glass
carbon/Ni-Cu and boron-doped diamond (BDD), some tested organic
compounds (e.g., glucose, glycine, phenol, ethanol, etc.) were fitted into the
identical linear regression equation that showing the relationship of COD value
and electrochemical signal [5,25]. In case of some other electrodes, it was found
that hydroxyl radicals, which were responsible for the degradation of organic
compounds, would show different rate constants for some organic compounds
under the same conditions [25,33]. Therefore, COD calculation by combining
signals derived from several sensors and standard substances can be helpful
for collecting more information to increase accuracy. In this sense, electronic
tongue technique is an ideal method for COD determination and organic
pollution monitoring.

Voltammetry technology plays an important role in electroanalytical study
by measuring the current as a function of the potential for generating
information about one or more analytes. It is more versatile and robust because
the voltammetric signals usually have a favourable signal to noise ratio, less
influenced by electrical disturbances [24]. In this section, a voltammetric ET
based on graphite, Cu and metallic nanomaterials were built for COD analysis.
Similar to previous one, a Cu block electrode modified with CuO nanomaterial
by electrochemical anodization procedure was employed, which was named as
CuO/Cu. Different from that one, it was not filmed by Nafion. In addition,
GEC-based electrodes incorporating Cu NPs, CuO NPs and Ni-Cu NPs were

reused as members of this new ET array. Moreover, same electrode modified
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with Ni NPs was involved as well in order to catching various voltammetric

signals, named as Ni NPs in this text.

4.2.1 Preparation of sensors

4.2.1.1 Sensor fabrication

The electrochemical anodization procedure was carried out in a same way
in Section 4.1. CuO nanostructure was formed at the Cu surface by cyclic
voltammetry (50 scans) between the potential range —1.0~+0.8 V vs. Ag/AgClin
0.05 M NaOH medium. Some cyclic voltammograms during this procedure
were recorded, as illustrated in Figure 4.13. The surface of the Cu block
electrode changed to dark from the initial glossy yellow because of the
formation of copper oxide substance. GEC electrodes Cu NPs, CuO NPs, Ni
NPs and Ni-Cu NPs were modified with corresponding nanoparticle according

to the described procedure in section 3.2.1.
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Figure 4.13 Some of cyclic voltammograms for electrochemical anodization of CuO
NPs on the surface of Cu block in three different observed stages in 0.05 mol/L
NaOH medium at scan rate 100 mV/s.

4.2.1.2 Morphological characterization

Scanning electron microscopy (SEM) images were taken to confirm the
surface modification after completion of these electrodes, as shown in Figure

4.14. Therein, Figures (A) and (B) are Cu surface before and after the
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electrochemical anodization. As observed, the surface look rougher and a layer
of nanomaterial spreading over it contributed by the formation of CuO, which
is helpful to enhance the electro-catalytic activity. The SEM images of other
GEC electrodes were shown in Figures (C) Cu NPs, (D) CuO NPs, (E) Ni-Cu
NPs and (F) Ni NPs.
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Figure 4.14 Scanning Electron Microscopy (SEM) images of surfaces of electrodes
(A) bare Cu block, (B) electrode CuO/Cu after electrodeposition and GEC electrodes
(C) Cu NPs, (D) CuO NPs, (E) Ni-Cu NPs and (F) Ni NPs.

4.2.2 Electrochemical performance of prepared sensors

4.2.2.1 Repeatability

Good repeatability is always important particularly for sensors used for
developing ET applications because the sensors usually have to withstand the
larger number of measurements required for building chemometric models
compared with a classic univariate calibration model.

For this purpose, the repeatability of prepared electrodes was tested by
checking their responses to of standard organic sample composed of glucose
and glycine (equivalent to COD 300 mg/L O:). The voltammetric responses
were measured in 0.05 mol/L NaOH medium for 10 times, during which the
blank electrolyte medium (0.05 mol/L NaOH) was also evaluated in between.
The oxidation of obtained voltametric responses of these electrodes was shown
in Figure 4.15, where the curves of same electrode were overlapped very well,
which indicated the good repeatability. To prove it, the relative standard
deviation (RSD) values over these 10-time measurement based on the current
intensity at +0.6 V and +0.7 V were calculated, as listed in Table 4.5. RSD values
were smaller than 5% in all the cases, which showed the good repeatability of

the prepared sensors.
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Figure 4.15 Oxidation of voltammetric responses for 10 times measured by
electrodes (A) CuO/Cu, (B) Cu NPs, (C) CuO NPs, (D) Ni-Cu NPs and (E) Ni NPs to
the mixture of glucose and glycine in 0.05 mol/L NaOH medium. Scan rate: 50 mV/s.

Table 4.5 RSD values calculated over these 10-time measurement for repeatability
test based on the current intensity at +0.6 V and +0.7 V.

Sensor RSD%! RSD%?
CuO/Cu 2.91% 2.64%
Cu NPs 3.60% 2.21%

CuO NPs 3.95% 2.69%
Ni Cu NPs 0.69% 2.88%
Ni NPs 3.19% 2.80%

12 Calculated according to the current intensity at E=+0.6 V and E=+0.7 V, respectively.

4.2.2.2 Voltammetric responses to standard substances

The voltammetric responses of the prepared electrodes to glucose and
glycine, who were used as COD standard substances, were estimated to check
their potential of constituting an electronic tongue array. 0.05 mol/L NaOH
solution was used as the medium in measurement to offer a mild alkaline
condition. The voltametric signals derived from these sensors responding to
glucose or glycine (equivalent to COD 400 mg/L O2) were displayed in Figure
4.16.
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Figure 4.16 Oxidation of voltammetric responses of the prepared electrodes to
glucose (A) and glycine (B) solutions with a theoretical COD value of 400 mg/L O:
in 0.05 M NaOH medium. Scan rate: 50m V/s.

As illustrated, glucose and glycine were oxidized at the surfaces of five
fabricated electrodes. What's more, the oxidation of these two compounds at
different electrodes occurred at different potentials. For Ni NPs electrode, the
oxidation of these two compounds occurred at between +0.6 and +0.7 V. While
in the case of electrode CuO/Cu, the oxidation of glucose and glycine occurred
at 0.5~0.6 V and 0.7~0.8 V, respectively. In addition, the current intensity for the
CuO/Cu electrode are much higher than other sensors. It is worthy to note that,
the different signals for different electrodes responding to these two analytes is
desirable for developing ET arrays. Furthermore, voltammetric responses of
the prepared electrodes to a series of concentrations of glucose and glycine
were measured, as shown in Figures 4.17 and 4.18 respectively. The glucose
was tested in concentrations equivalent to COD range from 0 to 1000 mg/L Os-.
Glycine was measured with COD range 0~400 mg/L O-. Table 4.6 summarized
the fitted equations from the calibration lines obtained from electrode CuO/Cu,

who gave the highest current signals.
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Figure 4.17 Oxidation of voltammetric responses of electrodes (A) CuO/Cu, (B) Cu
NPs, (C) CuO NPs, (D) Ni-Cu NPs and (E) Ni NPs to glucose solutions in 0.05 mol/L
NaOH medium with scan rate 50 mV/s. Equivalent theoretical COD values were
from 0 to 1015 mg/L Ox.

2000 200
< 1500 < 150
=2 -5
> =
2 10004 2 1004
o] 2
S =
€ 5004 € 504
g g
- ] =
o 0 o 04
CuO/Cu Cu NPs
00 02 04 06 08 10 00 02 04 06 08 10
EN EN
30 200 150
< < 1501 <
2 204 2 2 1004
= = 2
2 2 100 2
2 2 3]
= 10 = = 501
S § 507 5
5 5 5
o [§) o
04 < 04 .
ol CuO NPs Ni-Cu NPs Ni NPs
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
EN ENV EN

Figure 4.18 Oxidation of voltammetric responses of electrodes (A) CuO/Cu, (B) Cu
NPs, (C) CuO NPs, (D) Ni-Cu NPs and (E) Ni NPs to glycine solutions in 0.05 mol/L
NaOH medium with scan rate 50 mV/s. Equivalent theoretical COD values were
from 0 to 400 mg/L Ox.

Table 4.6 Calibration equations derived from the oxidation current intensity at the
fixed potentials of +0.6 and +0.7 V measured by electrode CuO/Cu responding to
glucose and glycine, respectively.
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Linear range Limit of
Compound Equation (mg/L O ;5 detection
’ (mg/L O2)
=1.0281x + 85.90, R? =
Glucose 7 0,099¢ 30 ~ 800 15.7
=3.331 167.19, R?
Glycine Y77 33=50X9+9 9f ? 10 ~ 180 46

4.2.2.3 Interference of chloride ions

As explained in section 1.4.3.1, chloride can cause serious interference on
COD values due to the redox reaction with Cr207> ions, which can lead to an
overestimation of the COD value. Therefore, the interference of chloride to
COD determination can’t be ignored because of its common existence and high
concentration in wastewater. Therefore, the test of chloride interference is an
important factor to evaluate an electrochemical COD sensor. In this work, the
experiments related to chloride interference test was investigated by recording
voltammetric responses of each prepared electrodes towards some
concentrations of NaCl in presence of glucose and glycine. The total
concentration of glucose and glycine was equivalent to COD 300 mg/L O2. The
voltammetric oxidation signals were displayed in Figure 4.19. Fortunately,
there were no much signal difference observed between scans, which implied
there was no obvious influence arising from the presence of Cl~. In addition,
the RSD were also calculated as done in section 4.2.2.1. The values were listed
in Table 4.7, with good behavior of the prepared electrodes indicated by low

values.
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Figure 4.19 Voltammetric oxidation signals derived from electrodes (A) CuO/Cu, (B)
Cu NPs, (C) CuO NPs, (D) Ni-Cu NPs and (E) Ni NPs responding to glucose and
glycine in the presence of various concentrations of Cl-. Medium: 0.05 mol/L NaOH.
Scan rate: 50 mV/s.

Table 4.7 RSD values calculated from the voltammetric signals responding to
glucose and glycine in the presence of various concentrations of Cl- for each of the

electrodes.
Sensor RSD! RSD?
CuO/Cu 1.82% 1.43%
Cu NPs 1.63% 2.22%
CuO NPs 2.84% 1.97%
Ni Cu NPs 2.94% 1.00%
Ni NPs 4.58% 1.55%

1.2 Calculation based on the current intensity of oxidation at +0.6 V and +0.7 V, respectively.

4.2.3 Optimization of methods for COD determination
using individual sensor and electronic tongue array

4.2.3.1 Classic calibration curves for COD detection using
sensor CuO/Cu

As shown section 4.2.2.2, calibration curves were fitted from the
relationship between COD values and current intensity values directly

obtained from electrochemical measurement using sensor CuO/Cu, as done by
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some reported works [2,11,14]. However, in this case, large shift was occurred
accompanied with the COD increase as shown in Figures 4.17 and 4.18, which
could decrease the linear range and affect the sensor’s performance. To
dissolved this problem, the obtained voltammetric signals were treated by
subtracting baseline utilizing Origin program. The baseline subtracted
voltammetric signals were shown in Figure 4.20. Peak height values of them
and corresponding COD values were plotted on graphs in Figure 4.20 and their
relationships were shown by calibration equations fitted in Figure 4.21. The

related analytical parameters were summarized in Table 4.8.
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Figure 4.20 Baseline subtracted voltametric oxidation signals for (A) glucose and (B)
for glycine.
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Figure 4.21. Calibration curves showing the relationship between COD values and
peak height obtained from data of Figure 4.20, using glucose (A) and glycine (B) as
standard analytes respectively, for sensor CuO/Cu.
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Table 4.8 Analytical parameters of calibration curves showing the relationship
between baseline subtracted voltammetric oxidation signals and COD values for
sensor CuO/Cu.

Linear
Sensitivity Intercept LOD
Compound R? range
(LA/mg/L Oz) (HA) (mg/L O2) (mg/L O2)
Glucose 0.9732 1.48 0.9997 20-800 13.6
Glycine 2.662 5.94 0.9998 20-200 4.1

4.2.3.2 ANN model for COD determination using ET
Sensor array

As seen from Figures 4.15 or 4.19, the oxidation of glucose and glycine were
occurred at different potentials, as evidenced from two peaks at around +0.40
V and +0.70 V, which were corresponding to oxidation of glucose and glycine,
respectively. Classic calibration method might be not suitable for this case
because of these separated peaks. Therefore, the artificial intelligence response
model, artificial neural network (ANN), would be built for the purpose of a
better estimation for COD values based on quantification of glucose and
glycine, as explained in Figure 4.22. This model would be able to combine the
signals derived from several sensors and compensate the differences in the
voltammetric signals captured for different compounds (e.g., sensitivity, peak

position, etc.).

Voltammetric Input layer Hidden layer Output layer
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Figure 4.22 Graphic configuration of ANN model for COD determination based on
standard substances glucose and glycine.

In this step, an ANN model was built involved in electronic tongue
responses for the simultaneous determination of binary COD standard
substances to seek for a method of estimating organic pollution more precisely.
To this aim, a 4?tilted factorial design was proposed with 4 concentration levels
and 2 factors, namely 2 analytes in this text. The concentration domains were
decided by the voltammetric responses of electronic tongue array to each
analyte, as shown in Figures 4.17 and 4.18. Two concentration ranges of
0.25~4.00 mM for glucose and 0.40~6.25 mM for glycine were chosen as the
concentration domain for the purpose of the measurable voltammetric signals.
As exemplified in the coordinate system in Figure 4.23, to obtain the ANN
response model, a training subset composed of 16 samples (blue points) were
prepared and a testing subset of 10 samples (red points) was chosen randomly
to assess the performance of the model. The two axes represented the
concentrations of two COD standard substances analytes to simulate organic

pollutants with different electrochemical activity to be determined.
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Figure 4.23 The coordinate system for illustrating the ANN model composed of
training and testing subsets.

Firstly, the topology of the ANN model was optimized employing the data
obtained from the training subset. The inputs were pruned with causal index
(CI) analysis. The neurons and transfer functions were varied systematically to
identify the configuration for the best performance. After the trial-and-error
process, there were 91 neurons in the input layer (being fed with the
voltammograms from the 5 sensors), 1 neuron and purelin transfer function in
the output layer and 7 neurons and logsig transfer function in the hidden layer
in the optimized ANN model. Next, the data of the testing subset were
interpolated into the model. The graphs of illustrating the comparison between
the predicted and expected COD values were shown in Figure 4.24. From these
graphs, regression lines of both training and testing subsets were close to the
ideal identity ones, which indicated a satisfactory performance. To explain the
performance numerically, the regression parameters and the root mean square
error (RMSE) of the fitting were calculated with results shown in Table 4.9. As
observed, the slopes were near to 1 and intercept values were rather low. In
addition, the coefficient of determination was close to 1 and the RMSE value
was rather low. The good trend and performance of this model can be

confirmed from these values.
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Figure 4.24 Graphs illustrating comparison between predicted vs. expected COD
values for the training (A) and testing (B) subsets. The line refers to the ideal
comparison line (y=x).

Table 4.9 Parameters of fitted regression lines for the comparison between obtained
vs. expected values for the training and testing subsets.

Data set Slope Intercept (mg/L O2) R? RMSE (mg/L O>)
Training  0.997 + 0.027 6+18 0.998 11.3
testing 0.996 + 0.077 4 +45 0.991 16.6

4.2.4 Analysis on real samples using different methods

Several real river water samples (R3~R7, Table 3.5 in section 3.3.2) were
analyzed after construction and validation of the ANN model using standard
substances. These samples were firstly mixed with 0.1 mol/L NaOH solution
(1:1, v/v) for an alkaline medium before the electrochemical measurements.
Voltammetric responses of the ET array to these samples were measured in
potential range from 0 V to +1.0 V with scan rate 50 mV/s. In addition to these
five samples, five spiked samples based on them (labelled as S-R3~5-R7) were
also analyzed by adding standard substances glucose and/or glycine, as
information displayed in Table 4.10. Upon the voltammetric data attained,
COD values were calculated in both approaches, ANN and classic calibration
equations fitted by sensor CuO/Cu (Figure 4.21). For comparing the accuracy,
commercial COD test cuvettes were utilized according to procedure described
in section 3.6. The results achieved from these approaches were summarized in

Table 4.10.

Table 4.10 Calculation results of river water and spiked samples from different
approaches for COD determination.

=(0.9732 =2.662x-
Spiked analytes y (1)28§OX+ y - 96??7" ANN Cltlvettte
Sample COD (.ZOD C.OD COD C‘E)SD

(mg/L O2) (mg/L O>2) (mg/L O2)
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R3 ~ 105.6 4418 ~ 11.70
R4 - 99.32 41.88 - 12.10
R5 ~ 102.7 43.12 - 15.10
R6 - 98.06 41.43 - 9.01
R ~ 100.8 42.43 - 5.04
S-R3 686'g51y(§;1:)°se " 868.3 320.2 659.7 719.0
SR4 1873 (glycine) 481.8 178.9 141.9 216.0
SR5  376.5 (glucose) 402.1 149.8 284.7 416.0
S-R6 320'2152;1;0* + 361.1 134.8 286.7 342.0
S-R7 234':1;5;1:)059 + 466.7 1734 211.0 260.0

For comparing between these methods, exploratory analysis of the
different methodologies was carried out by calculating the regression lines
based on the results of each two methodologies, results were displayed in Table
4.11. The obtained results that were below the LOD values were discarded for
avoiding bias in the low COD values. As seen from this table, the best linearity
of the comparison, was the one of the cuvette test results vs. those of the ANN
model method, which was also remarkably close to the identity line. As can be
seen in Figure 4.25, the best comparison line, a good agreement was obtained
between both values, which indicated the good suitability and potential in

COD determination using ET arrays coupled with ANN models.

Table 4.11 Results obtained from the exploratory analysis on COD values calculated
from different methodologies for river water and spiked samples.

Results compared Comparison line R? (n=5)
ET vs. Spiked y =1.0132 * x - 48.9 0.9383
Cuvette test vs. Spiked y=1.0134*x+24.8 0.9553
ET vs. Cuvette test y =0.9949 * x - 71.9 0.9723¢
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Equation 12 vs. Spiked y=0.8532 * x + 208 0.5384
Equation 2° vs. Spiked y =0.8701 * x + 240 0.7413
Equation 12 vs. Cuvette test y=0.3119 * x +78.8 0.5385
Equation 2° vs. Cuvette test y =0.3181 * x + 90.7 0.7414

a Calibration equation fitted from the first oxidation peak. ? Calibration equation fitted from the second
oxidation peak. <Thebest determination coefficient.
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Figure 4.25 Graph illustrating the comparison between the results obtained from
proposed ET-ANN approach and the commercial cuvette test.

It is worthy to note that, although electrochemical method has been
accepted as a good approach due to many advantages, their quantification to
COD values were always based on classic calibration curves and equations, as
displayed in Table 4.12. The proposed ET combined with ANN model was an
important and meaningful try in this field, which demonstrated the promising
prospect. The ongoing work is to optimization and development of the

application of ANN to COD determination.

Table 4.12 Comparison of reported approaches for COD determination based on

electrochemical measurement.

Standard LOD, linear range Determination = Electrochemical

Sensor Substance (mg/L O2) approach technology
Ni NPs/Glassy ) Calibration
carbon [34] Glycine 0.14, 0.24~480 curve Amperometry
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i ;
TiO»/Ti [33] KHP, phenol -, 25~530 Ca:l’flzon Chronocoulometry
Nano-Cu/Cu[3] ClUCO¢ g0 1745-176  COPTation o erometry
Glycine curve
Nano.— GluC(?se, 9.02, 32~256 Calibration T
Cu/graphite [3]  Glycine curve
Cu NPs based Calibration
C/Si0: [14] Glucose 28, 53~670 curve Chronoamperometry
CuO/AgO/
carbon Calibration
nanotube- Glucose 28, 106~1292 curve © Chronoamperometry
polystyrene
composite [15]
Ni Cu alloy NPs/
carbon . .
nanotube- Glucose 21, 106~1292 Cailllzij’zon Chronoamperometry
polystyrene
composite [15]
TiO2/CuS/indium ace}tll C:Clld' Calibration
tin oxide POy 0,017, 0.05-50 Anbratio Potentiometry
KHP, curve
electrode [35] e
Nano-Cu/Cu- Glycine 2.4, 2~595 Calibration Linear sweep
cable [18] curve voltammetry
CuO-Nafion
1i . .
film/Cu electrode Glucose 2.11, 50~1000 Selloziio Linear sweep
2] curve voltammetry
Phenol,
NiCu lactose, Calibration
film/Glassy glucose, 1.0, 10~1533 curve Cyclic voltammetry
carbon [5] glycine,
ethanol, etc.
Boron-doped
diamond Glucose, Calibration
KHP, 7.5,20~9000 Amperometry
(BDD) sensor curve
25] phenol, etc.
Glucose Calibration
This section [36] o 13.6%, 20-800* curve, ANN  Cyclic voltammetry
glycine model

* Obtained from the calibration curve method using sensor CuO/Cu and glucose.
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4.3 Identification and discrimination of
herbal calming products employing ET

and machine learning algorithms

As introduced in Section 1.5, chamomile, passionflower, valerian and
lavender were widely accepted as anxiolytic herbs for mental anxiety disorders
treatment and prevention. Chamomile flowers are commonly used as infusions
because of its widely-accepted smell and flavour. Chamomile can be used as
mild sedatives in treating insomnia or other sleep complications by reducing
nerves and anxiety. Passionflower and valerian roots are well used in aiding
relaxation and treating insomnia by increasing y-aminobutyric acid (GABA)
levels in the brain [37,38]. Lavender tea and essential oils made of lavender
flowers can be used for sleeping aids in traditional medicinal uses based on the
property of calming nerves.

Herbal medicines should be always beneficial, well-qualified and safe for
its good development and application as natural remedy. Therefore, quality
control should be strictly-enforced during all the procedures, from the selection
and storage of raw materials to manufacture process. Nevertheless, the
existence of various forms of herbal medicinal products increases the
complexity and difficulty in quality evaluation and control, which increase the
possibility of adulteration or counterfeit. Therefore, the research and
development to proper protocols for the application of identification
characterization and evaluation of herbal medicinal products is an important
subject. Thus, the work presented in this section was to develop a method for
discrimination and characterization among anxiolytic products in various
forms and preparation procedures. Herein, cyclic voltammograms of herbal
products were employed as fingerprints acquired from the electrochemical

reaction processes, which can provide lots of information both from oxidation
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and reduction curves, based on the chemical properties of specific components.
Furthermore, an array of electronic sensors was established for collecting
information to build classification models for analysis on collected herbal

calming products.

4.3.1 Preparation and selection of sensor array

For the purpose of building an ET array for herbal calming products
analysis, four GEC-based electrodes were prepared initially according to the
described procedure in section 3.2.1. These electrodes refer to bare GEC
electrode (labelled as GEC in this text) and other three GEC-based electrodes
incorporating different nanoparticles modifiers (Ni-Cu NPs, TiO2 NPs and Ni
NPs), for the sake of acquisition of broad and informative voltammetric signals.
A chamomile tea bag product, sample 6 (Table 3.6, section 3.3.2) was treated as
the method described in section 3.3.2, which was brewed in 250 mL boiling
mineral water for 5 min and cooled to room temperature. Then the cyclic
voltammograms were measured directly, without addition of any electrolyte
medium, by prepared electrodes, as shown in Figure 4.26. As observed,
electrodes Ni-Cu NPs, TiO: NPs and GEC showed more differences for
voltammetric signals in terms of shapes, oxidation peaks and current intensities.
Ni NPs electrode showed similar responses to GEC electrode. For ease the
burden of data processing, three electrodes Ni-Cu NPs, TiO2 NPs and GEC
electrodes were selected to build a sensor array, which incorporate different
nanoparticles as electrochemical catalysts for gathering wider electrochemical
information. In the following measurement, sensor array composed of Ni-Cu
NPs, TiO2 NPs and GEC electrodes was used as the working electrodes in all

electrochemical measurement.
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Figure 4.26 Voltammetric responses measured by electrodes Ni-Cu NPs, TiOz NPs,
GEC and Ni NPs corresponding to sample 6 at scan rate 50 mV/s.

4.3.2 Repeatability test

Firstly, the repeatability test to the prepared electrodes was carried out. For
this purpose, sample 1 (Table 3.6, section 3.3.2) was used as object and treated
as the same way in the former step. Voltammetric responses were measured for
10 times using these electrodes in same condition, cycling the potential between
0 and +1.2 V at scan rate 50 mV/s. The obtained voltametric responses were
shown in Figure 4.27. To keep the activity of electrodes in a mass of
measurement, electrodes were rinsed using ethanol (96%) for 5 seconds and
Milli-Q water after each measurement, following an electrochemical cleaning
procedure. This cleaning step was carried out by cycling the potential between
0V and +1.30 V at scan rate 50 mV/s in 0.05 mol/L KOH medium, as described
in section 3.4. As observed in Figure 4.27, there were no typical differences on
peak potential or peak height observed in these graphs. In addition, the RSD
values were calculated based on these obtained current intensities at 0.45 V,
where the oxidation occurred. These RSD values were calculated as 4.47%,
2.29% and 4.84%, corresponding to Ni-Cu NPs, TiO2 NPs and GEC respectively,
which were all smaller than 5%, indicating a good repeatability of the prepared

Sensors.
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Figure 4.27 Voltammetric responses measured by electrodes Ni-Cu NPs (A), TiO:
NPs (B) and GEC (C) to Sample 1 for 10 times at scan rate 50 mV/s.

4.3.3 Optimization of measuring condition

In this step, the medium for the electrochemical measurement was
optimized. For simplicity and the sake of reflecting the nature properties of
samples, the electrochemical measurement should be conducted in a
convenient way, for example, using obtained infusion solution to do
measurement directly. Sample 16 (Table 3.6, section 3.3.2) was treated in the
same way and measured electrochemically, cycling the potential between 0 and
+1.5 V at scan rate 50 mV/s, as shown in Figure 4.28 (black lines). It was
observed that oxidation occurred at around +1.1 V at three electrodes with low
current intensity, which could be explained by the low conductivity of the
infusion solution. To improve this, this measurement was repeated after using
0.1 mol/L KCl electrolyte as medium, as shown Figure 4.28 (red lines). As can
be seen, the current signals enhanced obviously and a bit of shift to lower
potential occurred, which indicated an effective optimization. Note that no
obvious oxidation appeared at higher potential range, from +1.25 V to +1.5 V.
For saving time and protecting electrodes’ lifetime by avoiding excessive
currents at higher potentials, measurement would be carried out in the range

from 0 to +1.25 V in 0.1 mol/L KCl medium in following measurement.
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Figure 4.28 Voltammetric reponses measured by electrodes Ni-Cu NPs (A), TiOz2 NPs
(B) and GEC (C) to Sample 16 with 0.1 mol/L KCl electrolyte (red lines) and without
electrolyte (black lines) by cycling potential in range 0~+1.25 V. Scan rate: 50 mV/s.

4.3.4 Identification and Discrimination of herb varieties

4.3.4.1 Herbal products in same form

After the sensor array was established, its functionality was examined
through the test of identifying the herb varieties of loose plant products, the
products in same form and without any additive. Samples 21, 22, 23 and 24 in
Table 3,6, corresponding to chamomile, passionflower, lavender and valerian
plants, respectively, were smashed firstly. Then they were brewed in 250 mL
boiling water and the obtained infusion solution was treated with 0.1 mol/L
KCl medium for electrochemical measurement in quadruplicate. The
voltammetric responses measured by the prepared electrodes were illustrated
in Figure 4.29, in which the oxidation peaks of these four herbal plant products
were displayed at around 0.05~0.45 V using Ni Cu NPs and GEC electrodes. In
addition, oxidation and reduction processes occurred to chamomile, valerian
and lavender samples could be observed in these graphs. As for the
passionflower sample, there were no obvious peak signals observed.
Furthermore, the oxidation signals of chamomile sample occurred at slightly
higher potentials than the other herbs at Ni-Cu NPs and GEC electrodes, which
may be related to flavonoids exist in chamomile of special chemical structures
as antioxidants [39-41]. However, the voltammetric signals recorded by TiO:

NPs electrode (Figure 4.29-B) showed different shapes and lower current
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intensity as compared with other two electrodes.
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Figure 4.29 Voltammetric responses measured by electrodes Ni-Cu NPs (A), TiO:
NPs (B) and GEC (C) to infusions of chamomile, valerian, passionflower and
lavender loose plant samples in 0.1 mol/L KCI medium at scan rate 50 mV/s.

PCA was carried out using the voltammetric data as inputs, two outlier
samples involved, loose plant samples of Chrysanthemum genus (Table 3.6,
samples 29 and 30), herbs for ailments treatment in traditional Chinese
therapies and also known as soothing medicinal plants [42,43]. The
electrochemical measurement for these outlier samples were carried out under
same condition, following the same smashing, brewing and testing sample
preparation processes. The PCA result, score plot of the first two components,
which explained 93% of the total variance, was shown in Figure 4.30. All
samples involved were clustered in differentiated groups for each plant
varieties as observed from this figure. In addition, each cluster showed compact
appearance, which was contributed by satisfactory grouping and repeatability
of the sensor array. As seen from the PC1 axis, the lavender class, which gave
positive values, was isolated from other three herb classes. These three,
chamomile, valerian and passionflower, were distinguished obviously by PC2
axis. It was worthy to note that, the outliers of chrysanthemum samples were
isolated from other four groups and they were located nearly for the same
variety, which means they were recognized by the electronic tongue. It was

demonstrated that the prepared sensor array showed good performance in
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identifying and discriminating herb varieties in same-form system, such as

plant in this case, which indicated its potential application for further analysis.
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Figure 4.30 PCA result for loose plant samples of chamomile, valerian,
passionflower, lavender and chrysanthemum using voltammetric data obtained by

the electrode array as inputs.

4.3.4.2 Discrimination of products of different forms
composed of single or complex ingredients
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In the previous step, the herb varieties of those plant products (in same
types) were identified and discriminated by the electronic tongue. In this step,
to increase the degree of complexity, different forms of commercial products
made of these four herb materials would be examined for identification. These
forms considered were tea bag, loose plant, tablet, capsules and extracted
liquid. Some of them were made of two or more herbs or added with some
additives. 35 samples were treated and prepared for electrochemical
measurement in quadruplicate and measured randomly. Voltammetric
responses were measured for each sample in 0.1 mol/L KCI medium by cycling
the potential between 0 V and +1.25 V at scan rate 50 mV/s. After each sample,
electrochemical cleaning was conducted for eliminating pollution by sweeping
the potential in range from 0 V to +1.30 V at scan rate 50 mV/s in 0.05 mol/L
KOH solution. Voltammetric responses of these 35 samples obtained by the

sensor array were displayed in Figure 4.31.
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Figure 4.31 Voltammetric responses of 35 herbal products made of chamomile

valerian (D~F), passionflower (G~I) and lavender (J~L) measured by

electrodes Ni-Cu NPs (A, D, G, J), TiO2 NPs (B, E, H, K) and GEC (C, F, I, L) in 0.1
mol/L KCI medium at scan rate 50 mV/s.

Chamomile products, usually contain pure chamomile plant ingredient,

are easily found in tea bag form sold in supermarkets and other shops. These

chamomile tea bags can show a great variety of qualities and brands derived

from their raw materials as seen from the wide range of prices. For these

samples that contain pure chamomile, their voltammetric signals showed lots

of similarity, e.g., shapes and oxidation peaks, which can be explained by the
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similar ingredients which effected the electrochemical responses. However,
sample 1, gave different signal because of the involvement of lavender and
other aromatic spices (Figures 4.31 (A~C)). Furthermore, these differences in
voltammetric responses derived from different brands were considered be
related to the quality, origin or parts of raw herb materials (plant and/or
flower). Valerian products, such as tablets and capsules, are more popular in
pharmacies or healthcare product shops. Their infusion products were less than
such medicinal forms. In addition, some valerian infusions were found
combined with some other herbal plants or aromatic spices. As a result, the
obtained electrochemical signals of those valerian-contained products gave lots
of differences derived from the contents, parts and quality of plants, additives
as well as brands. For example, because of the existence of melissa and other
herbs, as seen from Figures 4.31 (D~F), oxidation peak of infusion sample 2 (tea
bag) occurred at higher potential at these three electrodes. Similarly, oxidation
occurred at around +0.4 V for passionflower samples 3 and 9 because of melissa
and lavender, which were very different from that of other passionflower
products, as shown in Figures 4.31 (G~I). Similar to valerian, passionflower
products were easily found in tablets, capsules or extracted liquids made of its
plant and/or root and their different forms contributed a lot to the differences
of obtained signals. Less lavender products were found than the other three.
Even some tea bags containing lavender were also combined with other herbs
or additives, for example sample 3 and 4, which resulted in the signal

differences from the pure lavender flowers, as shown in Figure 4.31 (J~L).
% Single-herb infusion products

Afterwards, PCA was employed to cluster the samples based on their main
ingredients using voltametric data collected by the sensor array as inputs. To

start from simplicity, infusion products (tea bags and loose plants) made of
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only one herb were put to analysis firstly. A subset of voltammetric data of
chamomile (10 samples), valerian (2 samples), passionflower (2 samples) and
lavender (1 samples) samples were analysed by PCA, as shown in Figure 4.32,
numbers in the figure representing samples corresponding to Table 3.6 in
section 3.3.2. The first two principal components explained a total variance of
87.6% and these four herb varieties were clustered distinctively. The axis PC1
separated these herbs and axis PC2 discriminated the differences the interior of
groups, which reflected the differences of raw materials. For instance, valerian
sample 24 and 13, although in different forms, were classified into a group
because of their same ingredient, valerian root. Although classified into almost
sample variety according to the similar coordinate values of axis PCl,
passionflower sample 22 and 16 were divided in two sub-classes by axis PC2,
see those green squares in Figure 4.32, which could be explained by their
different forms and/or utilization of passionflower raw materials. The
discrimination for raw materials by axis PC2 was also shown in chamomile
cluster, which showed a tendency that the samples made of only chamomile
flower gave larger coordinate values, smaller values observed for those made
of plant and flower. The four replicates of the unique lavender flower were well

grouped on the very right position.
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Figure 4.32 PCA result for single-herb infusion products using voltammetric signals
measured by the proposed sensor array as inputs.

% Five forms and complex ingredients

Next, the PCA analysis was involved in more complex samples, which
were in five forms, tea bag, loose plant, extracted liquid, tablet and capsule, as
well as complex ingredients. Figure 4.33 displayed the score plot of the first two
components, which explained 91.5% variance totally. As observed, almost all
the samples were clustered correctly consistent with their main ingredient
indicated by the product information although these products were in different
forms. Some samples were not clustered properly because of the minority
composition of the target ingredients. For instance, because of the considerable
composition of melissa plant in samples 2, 3, 4 and 9, right-shift was observed
compared with the original valerian, passionflower or lavender group,
although such herbs could be found in their ingredients. As for sample 1, which
was compose of chamomile (85.5%), lavender (5%) and some aromatic spices,
was isolated from, but near to the chamomile group. Similarly, product 7 was
also isolated from the valerian group because of the existence of other herb
plants. In this case, the chrysanthemum was still distinguished and isolated

from other four target herb groups as an outlier type, which indicated that this
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electronic tongue has the ability of identifying and discriminating these target

four herb varieties even in complex systems.
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Figure 4.33 PCA result for products in five forms and of complex ingredients using
the voltammetric responses measured by the proposed sensor array as inputs.

4.3.4.3 Identification of herb varieties using machine
learning classification algorithms

In this step, four types of machine learning classifiers were employed, k-
nearest neighbour (k-NN), support vector machine (SVM), Random Forest and
Naive Bayes, for herb variety identification in such multiclass system. In this
analysis, samples 2, 3, 4 and 9 were not involved as the reason that subject herbs
in these samples are of minority. Cyclic voltammograms of 31 samples were
measured in quadruplicate. Therefore, a dataset composed of 124 voltammetric
responses was employed as the inputs for the classifiers. The k-NN algorithm
was used based on Euclidian distance for modelling. To optimize the k value,
leave-one-out cross validation was carried out, obtained parameters were
shown in Table 4.13, which indicated that k gave good accuracy from numbers
2~8. It was utilized as 3 in the following analysis and evaluation. To compare

function of these models, their overall performance was evaluated according to
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some metrics, e.g., classification accuracy, F1 score and area under the curve of
receiver operating characteristic curve (AUC). The average values obtained
from leave-one-out cross validation were shown in Table 4.14. As indicated,
algorithms k-NN and SVM showed better performance on this classification
system because of the higher metrics values than that of random forest or Naive
Bayes. Characteristics of each classified group, were calculated according to the
confusion matrix results (Table 4.15~4.18), such as sensitivity and specificity,
following equations (13) and (14), where TP, FP, TN, and FN refer to True
Positive, False Positive, True Negative, and False Negative values, respectively.
The calculated average values of specificity and sensitivity were shown in Table
4.14. Algorithms k-NN and SVM gave average values 1.000 and 1.000,
respectively, which indicated their good specificity and sensitivity properties

for those classified groups.

TN

Specificity = ———x 100 (13)
e TP
Sensitivity = ———x 100 (14)

Table 4.13 Results of k-value optimization.

k-value 2~8 9 10 11 12
AUC 1.000 1.000 1.000 0.9997 0.9997

accuracy 1.000 0.9919 0.9758 0.9758 0.9758

F1-score 1.000 0.9919 0.9754 0.9754 0.9754

Table 4.14 Evaluation metrics obtained from leave-one-out cross validation.

models AUC? Accuracy® F1score* Sensitivity® Specificity®
k-NN (k=3) 1.000 1.000 1.000 1.000 1.000
SVM (linear) 1.000 1.000 1.000 1.000 1.000
Random Forest ~ 0.9995 0.9919 0.9919 0.9943 0.9969
Naive Bayes -- 0.7984 0.8291 0.8201 0.9411

a: Values obtained from Orange software;
b: Averages of values calculated separately for each class according to equations (13) and (14).

Table 4.15 Confusion matrix obtained from k-NN (k=3) in leave-one-out cross-
validation.
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Predicted
Chamomi ) . .

le Valerian Passionflower Lavender Outlier Y

Chamomile 44 0 0 0 0 44

= Valerian 0 44 0 0 0 44
-?; Passionflower 0 0 24 0 0 24

< Lavender 0 0 0 4 0 4

Outlier 0 0 0 0 8 8
Y 44 44 24 4 8 124

Table 4.16 Confusion matrix obtained from SVM in leave-one-out cross-validation.

Predicted

Chamomile Valerian Passionflower Lavender Outlier Y

Chamomile 44 0 0 0 0 44

_ Valerian 0 44 0 0 0 44

"§ Passionflow 0 0 i 0 0 o4
< er

Lavender 0 0 0 4 0 4

Outlier 0 0 0 0 8 8

Y 44 44 24 4 8 124

Table 4.17 Confusion matrix obtained from Random Forest in leave-one-out cross-

validation.
Predicted
Chamomile Valerian Passionflower Lavender Outlier Y
Chamomile 43 1 0 0 0 44
Valerian 0 44 0 0 0 44
Passionflow0 0 o4 0 0 o4
er
B Lavender 0 0 0 4 0 4
-§ Outlier 0 0 0 0 8 8
< Y 43 45 24 4 8 124

Table 4.18 Confusion matrix obtained from Naive Bayes in leave-one-out cross-

validation.

Predicted

Chamomile Valerian Passionflower Lavender

Outlier

)
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Chamomile 39 1 0 4 0 44

'Valerian 4 32 4 4 0 44

Passionflow

0 0 16 8 0 24

er

Lavender O 0 0 4 0 4
=
£ Outlier 0 0 0 0 8 8
<

Yy 43 33 20 20 8 124

4.3.5 Content evaluation for various products

Although these four are popular relaxing herbs, their products tend to be
different forms on commercial market. From our observation, chamomiles
flower, giving enjoyable flavour and taste, are very popular as tea bags without
additives. On the contrary, lavender flowers are seldom used as infusion
directly and usually need to be combined with other herbs, aromatic species or
additives to adjust its flavour. Valerian and passionflower are commonly found
in medicinal products, tablets, capsules and extracted liquids. Being mixed
with other herbs or natural aromatic plants are common when they are used as
infusion products. In this condition, the evaluation of the quality or content of
such herbs used for production is harder owing to the complexity of the
ingredients and forms. In this section, the content evaluation to valerian
products in different forms was tried using PCA involved electronic tongue
technique. 11 types of valerian mentally calming products were measured in
quadruplicate and the obtained voltammetric data were employed as inputs in
PCA procedure. The obtained score plot of the first two components, which
explained 94.1% variance totally, were shown in Figure 4.34. Due to the
involvement of various factors, e.g., different brands, different forms (capsule,
tea bag, tablet, loose product and extracted liquid), raw materials (natural root,

lyophilized extract of root, mixture of plant and root), different processing
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methods, etc., these samples were quite dispersed on the coordinate system.
Generally, axis PC1 identified the herb varieties and axis PC2 distinguished the
differences among these products. As seen from PC1 axis, these products were
divided into two categories by the PC1=0 line. At the left of this line, points
were corresponding to products made of valerian root and those blended with
other materials were on the right. From axis PC2, the detailed information on
content were indicated. Central cluster was occupied by products with higher
content of valerian root, such as samples 24, 13 and 35. In addition, containing
similar material of lyophilized root extract, sample 26 (<43.5%) was closer to
that centre than sample 17 (<18%), which could be explained by its higher
content. It was demonstrated that this electronic tongue has the potential of the
application of characterizing, evaluating and qualifying the properties of raw

valerian material of these products.
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Figure 4.34 PCA result obtained from various valerian products.
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5 Conclusions and prospects

5.1 Conclusions

In this thesis, three voltammetric ETs were established aiming at
applications of COD determination or analysis of anxiolytic herbal medicinal
products. Sensors utilized for constructing these ETs were fabricated in
laboratory and were classified as two categories. One was fabricated using
graphite as substrate and metallic nanoparticles were involved into the
composite combined with epoxy. The nanoparticles were Ni-Cu alloy, Ni, Cu,
CuO and TiOz, which were used as catalysts for electrochemical reaction
occurred between the electrodes and research targets. The other one was
composed of two electrodes based on Cu block, which was modified at the
surface by filming nano CuO through an electrodeposition procedure. The
copper-based electrode was chosen for COD determination because its
powerful electrocatalyst function in alkaline media for oxidizing some organic

substances. Two ETs were established in the researched on the analysis of
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organic pollution in wastewater, one carried out measurement from qualitative
evaluation to organic pollutants and the other one was tried to determinate
COD values through a novel way, artificial neural network model. The
promoted performance of the proposed ET combined with ANN model
compared with classic calibration line method presented in this text
demonstrated its feasibility and promising prospect in this field. In addition,
an ET array constructed by three graphite-based electrodes was devoted to the
analysis of anxiolytic medicinal products, such as pills, capsules, tea bags, loose
plants and extracted liquids, which were made of herbs chamomile,
passionflower, valerian and lavender. This ET showed good applicability in
distinguishing herb varieties among products in same forms. What’s more, the
evaluation to the content of raw herb materials and the herb discrimination
could be achieved with this ET even in complex sample system. In the former
chapters, the experiments and results were illustrated briefly, some more
specific and conclusive points would be summarized in terms of these two

topics as following.

@ Topic 1, Organic pollution evaluation and COD determination

utilizing ETs combined with PCA and ANN algorithms.

I.  Electrochemical deposition method was demonstrated useful for
surface modification at copper-based sensors, which showed good
electrochemical activity in alkaline condition for analyzing some
organic substances based on voltammetric techniques. The
electrodes prepared according to this method devoted good
detection limit and linear range when employed for COD value
determination by classic calibration line method.

II. Electrodes prepared, graphite-epoxy composite (GEC) electrodes

and electrodeposited copper-based electrodes, showed good

157



Conclusions of research and prospects for future work

I1I.

IV.

repeatability and stability, which could afford all the measurement
carried out during the research.

The first electronic tongue array was constructed by GEC-based
electrodes Cu NPs, CuO NPs, Ni-Cu NPs and electrodeposited
copper-based electrode NfCuO/Cu. This ET involved PCA
procedure using voltammetric signals as inputs collected by the
members in the array responding to COD standard substances of
different difficulty levels of degradation in electrochemical
procedure, which could help evaluate the levels of organic
pollution and the accuracy of the COD values calculated based on
the calibration equation obtained by electrode NfCuO/Cu
individually.

The second electronic tongue array was constructed by five
electrodes, GEC-based electrodes Cu NPs, CuO NPs, Ni-Cu NPs,
Ni NPs and electrodeposited copper-based electrode CuO/Cu. An
artificial neural network model was built using two COD
substances, glucose and glycine, as analytes simulating the organic
pollutants. The ET combined with ANN method showed positive
promotion compared with classic calibration equation method and
the detected COD values were assessed with reference method,

which employed commercial COD test reagent.

@ Topic 2, discrimination and identification of anxiolytic herbal

medicinal products in various forms.

L.

A bare GEC electrode and nanoparticles modified GEC-based
electrodes Ni-Cu NPs and TiO: NPs were demonstrated good
repeatability and stability and the measuring condition were

optimized by employing 0.1 mol/L KCl solution as the medium for
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II.

I1I.

IV.

cyclic voltammetric measurement.

The electronic tongue array constructed these three electrodes was
able to discriminate herbs of chamomile, valerian, passionflower,
lavender and outliers (chrysanthemum) among their loose plant
products from PCA procedure using cyclic voltammetric responses
to these sensors as the inputs.

In addition, ingredients of products in various forms could be
identified based on this ET and PCA even in complex systems
composed of five forms of products, such as pills, capsules, loose
plants, tea bags and extracted liquids.

The automated machine learning algorithms, k-NN and SVM
showed good performance for the classification to these multiform
products using CVs as the dataset.

This electronic tongue was demonstrated good behaviour for
qualification, characterization and evaluation of valerian raw
material in analysing various valerian products, indicating its good

potential in the application of aiding quality control.

5.2 Prospects

As discussed above, many profitable merits were achieved from the

research and results presented. The ET combined with ANN technique

provides us a novel idea in analysing organic pollution in wastewater. The

voltammetric ET was able to identify the herb varieties as well as aid the quality

evaluation of commercial products. Nevertheless, these achievements are little

steps in their fields. Lots of difficulties need to be overcome to get efficient

improvement and development. Some ideas would appear upon looking back

and rethinking on these experiments. Herein, some points of view for

prospective development based on these years” experiences were described.
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Although the advantages such as easy operation, rapidness and
environment friendliness, electrochemical methods of COD determination are
facing some challenges. The most important one is the achievement of full
oxidation of organic pollutants. Because of the unknown complexity of
components and contents of organic pollution, the truth of whether the sensors
could response to all of them can affect the accuracy of found COD values,
which are usually calculated based on the collected signals in electrochemical
procedure. The efficiency of electrochemical oxidation of organics were not
explored or tested for their application into more complex wastewater systems
containing organic pollutants that hard to be oxidized. In addition, the reaction
mechanism and resulting reaction products can depend on the sensor material
and its structure in practical application. Therefore, the selection of base
material, the electro-catalyst and the fabrication method can have a significant
impact on the construction of an electrochemical COD sensor. In this sense,
some materials or catalysts with powerful electro-catalytic activity are more
prospective in terms of larger efficiency of electrochemical oxidation of
organics. In our ongoing research, some novel nanomaterials, such as
nanocubes composed of copper or palladium nanoparticles as well as gold
nanoparticles are involved in sensors construction. In addition, the
electrochemical anodization method is a cheap and efficient way of modify
sensors. The optimization of anodization procedure and characterization of
formed nanostructures are interesting topic for further function improvement.

PCA can be used for evaluating organic pollution towards wastewaters.
More wastewater samples need to be measured to get more specific and
detailed information from PCA model to provide complementary and useful
information for practical pollution evaluation. ANN model is a good candidate
approach for COD determination, which should be improved by involving

more standard substances to meet the demand of complex organic pollution.
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The electronic tongue technique showed good potential in authentication
and evaluation of anxiolytic herbal products made of ingredients of chamomile,
valerian, passionflower or lavender. In addition, some extra information
targeting the quality or origin of herb raw material can be captured in further
experiments by managing the samples and optimizing electrochemical

measurement.
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